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A B S T R A C T 
An outline of the use of titanium i n glass ceramic production 
is given. To investigate the role of titanium i n t h i s process a 
variety of procedures were necessary. These included X-ray 
i 
d i f f r a c t i o n , Electron microscopy, Optical measurements and Electron 
spin resonance. 
Two main approaches to the investigation have been adopted, 
the f i r s t i s through the observation of the effects of c r y s t a l l i s a t i o n 
on gadolinium introduced i n t o the glass matrix. The i n t e r p r e t a t i o n 
of the electron spin resonance for gadolinium i n terms of a spin 
hamiltonian has led to the suggestion of two sites for t h i s rare 
earth ion. 
A c r y s t a l growth i n h i b i t i o n has been found to be produced by the 
incorporation of gadolinium i n the l i t h i a alumina s i l i c a glass ceramics. 
The alternative method of investigation i s concerned with X-ray 
induced defects and the results have been interpreted i n terms of local 
w e l l ordered domains existing w i t h i n the glass. 
Glossary of Terms 
Dragation - rapid quenching with water. 
Solarisation - production of defects by i r r a d i a t i o n 
Non-bridging oxygen ions - oxygen ions i n a glass which are bonded 
to only one ion. 
3-eucrypitite - a crystalline form of li t h i u m aluminium s i l i c a t e 
Seed - small a i r bubbles found i n glass. 
( i v ) 
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CHAPTER 1. 
1.1 I n t r o d u c t i o n 
Although a u n i v e r s a l l y accepted d e f i n i t i o n of a g l a s s i s y e t to 
be found the d e f i n i t i o n given by Mackenzie (1.1) w i l l be s u f f i c i e n t i n 
the context of t h i s work. "A g l a s s i s any i s o t r o p i c m a t e r i a l , o r g a n i c 
or i n o r g a n i c , i n which three-dimensional atomic p e r i o d i c i t y i s absent 
14 
and the v i s c o s i t y of which i s g r e a t e r than 10 p o i s e " . I t i s the 
degree of p e r i o d i c i t y of the b a s i c s t r u c t u r a l u n i t s t h a t d i s t i n g u i s h e s 
between the g l a s s y and c r y s t a l l i n e s t a t e s . The r a p i d c o o l i n g 
techniques u s u a l i n g l a s s production, r e s u l t i n the f r e e z i n g i n of 
l i q u i d d i s o r d e r , the type and amount of t h i s d i s o r d e r depending upon 
i 
the temperature of the melt and the c o o l i n g c o n d i t i o n s . A g r e a t number 
of g l a s s systems a r e now known to e x i s t , but the most common a r e those 
which i n c o r p o r a t e a l k a l i or a l k a l i n e e a r t h oxides w i t h phosphorus, 
s i l i c o n or boron, together w i t h l a r g e amounts of oxygen. A u s e f u l 
i n t r o d u c t i o n to the complex s u b j e c t of g l a s s can be found i n the review 
by Weyl and Marboe ( 1 . 2 ) . 
For many y e a r s g l a s s has been used w i t h i t s manufacture based on 
e m p i r i c a l methods and an understanding of the s c i e n t i f i c nature of g l a s s 
formation can be c o n s i d e r e d to begin w i t h the work of Z a c h a r i a s e n ( 1 . 3 ) . 
I n 1932 he proposed the random network theory i n which the o x i d e s 
B o 0 o , S i O n , GeO„, P_0_ and As o0_ were designated " g l a s s formers" and the Z 6 A 2 2 0 Z o 
a l k a l i and a l k a l i n e e a r t h oxides were c a l l e d "network m o d i f i e r s " . T h i s 
concept of a continuous random g l a s s l a t t i c e was found to be u s e f u l to 
g l a s s t e c h n o l o g i s t s f o r many y e a r s , but a more d e t a i l e d look a t i o n i c 
environments l e d to the development of a new c r y s t a l l i t e theory by 
KM UN/VETS 
.1973 ) 
*.. y 
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Valenkov and P o r a i - K o s h i t s ( 1 . 4 ) . I n c o n t r a s t to Z a c h a r i a s e n ' s idea 
of a continuous network t h i s theory favo u r s the e x i s t e n c e of domains 
i n which a high degree of l o c a l o r d e r i n g o c c u r s . These r e g i o n s can 
be c o n s i d e r e d to be sma l l d i s t o r t e d c r y s t a l s separated by zones o f 
l e s s order. 
These two t h e o r i e s r e p r e s e n t extremes i n the v a r i e t y of p o s s i b l e 
g l a s s - l i k e s t r u c t u r e s and i t appears t h a t the ex t e n t to which one or 
other a p p l i e s depends upon the p a r t i c u l a r system one i s observing. 
S t r u c t u r a l i n t e r p r e t a t i o n i n the g l a s s world i s d i f f i c u l t a s even the 
nature of pure v i t r e o u s s i l i c a and of many complex s i l i c a t e c r y s t a l s 
i s s t i l l to be completely determined (1.5)(L.6). I t i s thus c l e a r t h a t 
i n a complex system l i k e the l i t h i u m aluminium s i l i c a t e s a c e r t a i n 
amount of in f o r m a t i o n i s s t i l l r e q u i r e d to provide c l a r i f i c a t i o n . T h i s 
p a r t i c u l a r system has become important i n r e c e n t y e a r s as i t forms the 
b a s i s of many commercial ceramics. 
T h i s new f i e l d of g l a s s technology has i n i t i a t e d a r e v e r s a l o f 
the age o l d problem o f g l a s s t e c h n o l o g i s t s to prevent d e v i t r i f i c a t i o n . 
However the d e v i t r i f i c a t i o n of g l a s s must be e f f e c t i v e l y c o n t r o l l e d to 
produce the optimum b e n e f i c i a l p r o p e r t i e s p o s s i b l e . Stookey's (1.7) 
d i s c o v e r y t h a t TiO can a c t as a c a t a l y s t i n the formation of d e s i r a b l e 
c r y s t a l l i n e phases which" produce pyroceram, a ceramic m a t e r i a l of high 
mechanical s t r e n g t h and low thermal expansion, has l e d to the widespread 
use of t i t a n i u m dioxide, i n g l a s s ceramic production. Much r e s e a r c h has 
been d i r e c t e d towards the e l u c i d a t i o n of the r o l e played by t i t a n i a i n 
the g l a s s phase and i n the g l a s s to c r y s t a l t r a n s i t i o n and the 
requirements f o r f i n e grained ceramic formation. Although i t i s e v i d e n t 
- :i -
- from the l i t e r a t u r e t h a t t i t a n i u m d i o x i d e n u c l e a t i o n o c c u r s e f f i c i e n t l y 
i n many g l a s s systems the l i t h i u m aluminium s i l i c a system has been the 
major c o n s i d e r a t i o n i n t h i s p r e s e n t work as i t i s known to produce 
ceramics of great p r a c t i c a l importance. 
1.2 Nature of T i t a n i u m Dioxide N u c l e a t i o n 
When t i t a n i u m i s added to fused s i l i c a the d i r e c t s u b s t i t u t i o n 
of t i t a n i u m i o n s f o r s i l i c o n i o n s would seem a reasonable p o s s i b i l i t y 
i f one c o n s i d e r s the s i m i l a r i t y i n both p h y s i c a l and chemical p r o p e r t i e s 
of these o x i d e s . However geometric c o n s i d e r a t i o n s r e v e a l a remarkable 
4+ 
d i s s i m i l a r i t y . Whereas the T i i o n has an i o n i c r a d i u s of 0.64 a.u. 
4+ 
which r e q u i r e s a c o - o r d i n a t i o n number of s i x , the S i i o n i s known 
to e x i s t w i t h t e t r a g o n a l c o - o r d i n a t i o n . Coupled w i t h the i n a b i l i t y (1.8) 
of e x p e r i m e n t a l i s t s to dope r u t i l e c r y s t a l s w i t h any s i g n i f i c a n t amount 
i 4+ of SiO^ or a c r y s t a l of s i l i c a w i t h TiOg, and the g e n e r a l l a c k of T i 
4+ 
replacement of S i i n s i l i c a t e m i n e r a l s the f o u r - f o l d c o - o r d i n a t i o n 
4+ 
of T i i n g l a s s e s seems u n l i k e l y . T u r n b u l l and Lawrence (1.9) conclude 
4+ 
t h a t a c o n s t a n t s i x - f o l d c o - o r d i n a t i o n o c c u r s f o r T i i n Na 0 - SiO 
- TiO^ g l a s s e s , w h i l s t Rao (1.10) shows the e x i s t e n c e of both f o u r - f o l d 
4+ 
c o - o r d i n a t i o n of T i l e a d i n g to a s t r e n g t h e n i n g of the s t r u c t u r e and 
a s i x - f o l d c o - o r d i n a t i o n l e a d i n g to a weakening of the s t r u c t u r e i n a 
b i n a r y a l k a l i - TiO^ system. I t appears t h a t t i t a n i a i n c o r p o r a t i o n i n t o 
g l a s s depends as expected upon the exact nature of the g l a s s system 
but i s u s u a l l y i n the s i x - f o l d c o - o r d i n a t i o n s t a t e . 
T h i s s i x c o - o r d i n a t i o n s t a t e as a c q u i r e d by the l a r g e r t i t a n i u m i o n 
produces a r e l a t i v e weakening of the g l a s s s t r u c t u r e i n the v i c i n i t y of 
the t i t a n i u m i o n . A r e s u l t i n g r e d u c t i o n i n the v i s c o s i t y i s observed 
and may be one of the causes f o r enhancement of c r y s t a l l i s a t i o n by 
a l l o w i n g the r a p i d re-arrangement o f i o n s i n the g l a s s . The e f f e c t s 
produced by TiO^ i n g l a s s systems have been summarised by B e a l (1.8) 
and i t i s e v i d e n t t h a t more than one method must be considered to 
e x p l a i n the i n c r e a s e d and f i n e g r a i n e d nature, of the c r y s t a l l i s a t i o n 
induced by the heat treatment of TiO c o n t a i n i n g g l a s s systems. 
I t i s known (1.11) t h a t r e g i o n s e x i s t i n the L i - A l - S i system i n 
which l i t h i u m r i c h phases can develop, thus p r o v i d i n g the p o s s i b i l i t y 
t h a t t i t a n i u m d i o x i d e could i n f l u e n c e the component d i s t r i b u t i o n i n 
a g l a s s l e a d i n g to phase s e p a r a t i o n . Regions may then occur i n which 
a composition c l o s e to a c r y s t a l or i n which a s u p e r - s a t u r a t i o n of 
a given c r y s t a l e x i s t and may r e s u l t i n p r e c i p i t a t i o n . The r e s u l t i n g 
c r y s t a l s could a c t as c e n t r e s of c r y s t a l growth f o r the bulk 
c r y s t a l l i s a t i o n of the g l a s s , the numerous n u c l e a t i o n s i t e s e n s u r i n g 
the production of a f i n e grained ceramic. Such a mechanism has been 
suggested (1.12) to e x p l a i n the r o l e of t i t a n i a i n a Li^O ~ A L 2 ^ 3 " ^^®2 
g l a s s . 
A n . a l t e r n a t i v e approach (1.13) i s t h a t the a d d i t i o n of t i t a n i u m 
produces a s u p e r - s a t u r a t e d c o n d i t i o n f o r some t i t a n a t e compound without 
phase s e p a r a t i o n . Upon i n c r e a s e of temperature, the r e s u l t i n g 
r e d u c t i o n i n v i s c o s i t y a l l o w s the r e - o r g a n i s a t i o n of molecules and 
r e s u l t s i n the p r e c i p i t a t i o n of t i t a n a t e compounds. These p r e c i p i t a t e s 
a r e a g a i n thought to a c t as n u c l e a t i o n c e n t r e s f o r bulk c r y s t a l l i s a t i o n 
of the g l a s s . 
A f u r t h e r l o c a l ordered domain theory has been a p p l i e d (1.14) to 
some compositions i n the L i - A l - S i system. Titanium i s s a i d to a s s o c i a t e 
w i t h non-bridging oxygen ions around r e g i o n s of high order. T h i s i s 
reasonable s i n c e the t i t a n i u m could more e a s i l y o b t a i n the r e q u i r e d 
s i x c o - o r d i n a t i o n i n the presence of non-bridging oxygens. The 
e x i s t e n c e of non-bridging oxygens i s a requirement of the charge 
imbalance between uneven atomic d i s t r i b u t i o n of p o s i t i v e and 
negative charges i n g l a s s . These w e l l ordered r e g i o n s can then be 
i. 
thought of as n u c l e a t i o n c e n t r e s w i t h the t i t a n i u m a c t i n g a s a c a t a l y s t 
a t the c r y s t a l growth f r o n t . 
I t has become apparent t h a t the v a r i a b i l i t y , and complexity of 
g l a s s e s w i t h t h e i r dependence on thermal h i s t o r y and i m p u r i t i e s makes 
the u n i v e r s a l a p p l i c a t i o n o f one mechanism to e x p l a i n the e f f e c t of 
TiO , even i n one system, u n l i k e l y . 
1.3 Aim Of T h i s Work 
The aim of t h i s study was to o b t a i n i n f o r m a t i o n r e l e v a n t to the 
production of g l a s s c eramics and i n p a r t i c u l a r to the i n f l u e n c e of 
t i t a n i u m d i o x i d e i n the g l a s s to c r y s t a l c o n v e r s i o n . A~ v a r i e t y of 
techniques were employed as the very nature of g l a s s p r o h i b i t s a c l e a r 
i n t e r p r e t a t i o n of any one s e t of experimental r e s u l t s . 
Two main approaches to the problem were cb n s i d e r d , the f i r s t was 
by the i n t r o d u c t i o n lof an i o n i c probe to be monitored during the 
c r y s t a l l i s a t i o n s p e c i f i c a l l y by e l e c t r o n s p i n resonance. N a t u r a l l y , 
advantage was taken of any a d d i t i o n a l i n f o r m a t i o n gained by the 
i n t r o d u c t i o n of such a probe. The second was through the study of 
X-ray induced d e f e c t s . 
1.4 P r e v i o u s I n v e s t i g a t i o n s 
The i n c o r p o r a t i o n of t r a n s i t i o n i o n s to i n v e s t i g a t e s t r u c t u r a l 
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changes i n g l a s s has been a u s e f u l technique f o r a number of y e a r s 
.(1.15X1.16). Sands (1.17) was the f i r s t to study the e . s . r . of these 
i o n s i n g l a s s e s , and h i s unexpected d i s c o v e r y of resonances a t g ; .6.0 
and g s> 4.2 was l a t e r e x p l a i n e d by Cas t n e r , Newell, Holton and 
i 
3+ 2+ 3+ 2+ S l i c h t e r (1.18) a s due to an Fe impurity. S i n c e then Fe , Fe , Mn , 
5+ • 5+ Cr and V have been used a s dopants. 
Observation o f the e f f e c t of even s m a l l c o n c e n t r a t i o n s o f 
t r a n s i t i o n metal i o n s i n some g l a s s systems i s evidence of the non -
n e u t r a l i t y of the t r a n s i t i o n i o n s , which i s an u n d e s i r a b l e property of 
an " i n e r t " probe used to observe s t r u c t u r a l changes. For example r e c e n t l y 
i r o n and chromium o x i d e s when added i n s m a l l percentages to g l a s s e s , i n the 
CaO - MgO - A l 0 - SiO quaternary system, have been shown by 
Rogerson (1.19) to a f f e c t both the r a t e of n u c l e a t i o n and the r a t e of 
c r y s t a l growth d u r i n g heat treatment. The number of commercial g l a s s -
ceramics employing one or oth e r of the t r a n s i t i o n i o n s a s a n u c l e a t i o n 
c a t a l y s t has r a p i d l y i n c r e a s e d . These f a c t s i n d i c a t e t h a t i t i s extremely 
doubtful t h a t t r a n s i t i o n i o n s , TiO^ i n p a r t i c u l a r , can a c t as i n e r t 
dopants i n g l a s s e s . 
U n t i l r e c e n t l y the use of the 4 f i o n s of the l a n t h a n i d e s e r i e s a s 
paramagnetic dopants i n t h i s a r e a of r e s e a r c h has been very l i m i t e d , a 
f a c t which may be a s s o c i a t e d w i t h the reduced e f f e c t s of the c r y s t a l 
f i e l d on these i o n s compared w i t h the 3 d - t r a n s i t i o n metal i o n s . I t i s 
probable t h a t there i s l e s s d i s t o r t i o n of the g l a s s s t r u c t u r e about a 
4 f impurity i o n than about a 3d i o n s i n c e the 4f e l e c t r o n s a r e deeply 
b u r i e d i n the i o n and consequently w e l l screened from the c r y s t a l l i n e 
e l e c t r o s t a t i c f i e l d . The l a n t h a n i d e ions may thus prove more s a t i s f a c t o r y 
a s i n e r t s t r u c t u r e - s e n s i t i v e probes than the t r a n s i t i o n metal i o n s though 
the e f f e c t s of c r y s t a l l i s a t i o n a r e expected to be correspondingly reduced.. 
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I n order to use the r a r e - e a r t h s a s probes i n the c r y s t a l l i s a t i o n 
p r o c e s s one must have some knowledge of t h e i r environment i n the g l a s s . 
I t i s known th a t g l a s s l a c k s d e f i n i t e long range order and i t seems 
reas o n a b l e to expect t h a t the r a r e - e a r t h may i n f l u e n c e i t s immediate 
surroundings. 
> 
P r e v i o u s workers have a s s o c i a t e d the average environment f o r r a r e -
e a r t h i o n s i n oxide g l a s s e s w i t h the e q u i v a l e n t r a r e - e a r t h oxide 
s t r u c t u r e . Mann (1..20) .found the energy l e v e l s of Neodymium i n g l a s s , 
i 
to c o r r e l a t e c l o s e l y w i t h those determined from oxide c r y s t a l s and 
concluded t h a t the ions occupy s i t e s of low symmetry. The s p e c t r a l l i n e 
h a l f widths, of approximately 100 cm 1 , were a t t r i b u t e d to inhomogeneity 
of the g l a s s s t r u c t u r e . 
Work by R i c e and Deshazer -(1.21) compared the f l u o r e s c e n c e and 
ab s o r p t i o n s p e c t r a of europium i o n s i n g l a s s w i t h the s p e c t r a of 
europium i n s i n g l e c r y s t a l s of gadolinium oxide. Some a b s o r p t i o n l i n e s , 
7 5 
f o r example the F ^ D l i n e , of europium i n the gadolinium c r y s t a l s 
O 
were found to c o n s i s t of t h r e e groups of l i n e s i n d i c a t i n g t h a t t h r e e 
3+ 
p r e f e r e n t i a l s i t e s e x i s t f o r the Eu ion. T h i s agrees w i t h the thr e e 
3+ 
k i n d s of Eu ion s i t e s i n europium s e s q u i o x i d e w i t h point-group 
symmetries of C . T h i s r a t h e r complex monoclinic s t r u c t u r e i s a l s o found 
f o r gadolinium s e s q u i o x i d e and by d i r e c t comparison t h r e e s i t e s might be 
expected f o r gadolinium i n a g l a s s y environment. F u r t h e r work by Mann 
3+ 
and Deshazer on Neodymium i n g l a s s suggests t h a t the Nd i o n l o c a t e s 
i n only one average environment s i t e i n g l a s s , m i r r o r i n g the f a c t t h a t 
3+ 
t h e r e i s only one k i n d of Nd i o n s i t e i n the t r i g o n a l neodyraxum 
s e s q u i o x i d e . 
A l l of the in f o r m a t i o n mentioned so f a r , concerning r a r e - e a r t h s i t e s 
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i n g l a s s , has been obtained from o p t i c a l o b s e r v a t i o n s . The use of 
3+ 3+ 
e . s . r . has been very l i m i t e d , however the Eu and.Gd i o n s produce 
resonances a t room temperature and a r e r e l a t i v e l y e a s i l y obtained. 
3+ 3+ 5+ 2+ Y a r i f yanov e t a l . f i r s t s t u d i e d Gd as w e l l as Cr , Cr and Mn 
( i n v a r i o u s g l a s s e s ) but the i n t e r p r e t a t i o n o f the r e s u l t s was not a t 
a l l c l e a r . The f i r s t t h e o r e t i c a l e x p l a n a t i o n of the e . s . r . s p e c t r a of 
3+ 
Gd i o n s i n a g l a s s m a t r i x appears to be t h a t of N i c k l i n ( 1 . 2 2 ) . By 
u s i n g a s p i n Hamiltonian approach and r e s t r i c t i n g the magnetic f i e l d to 
the x, y and z d i r e c t i o n s he was a b l e to account f o r the main d e t a i l s 
of the X-band resonance. H i s p o s t u l a t e of one s i t e f o r gadolinium, 
however, l e d to d i s c r e p a n c i e s which he could not e x p l a i n a t f r e q u e n c i e s 
away from X-band. F u r t h e r no c o r r e l a t i o n was found between the 
i n t e n s i t i e s of the v a r i o u s p a r t s of the experimental resonances from h i s 
c a l c u l a t i o n s . 
I t i s thus n e c e s s a r y to c l a r i f y the nature of the environment of 
3+ 
the Gd i o n i n the g l a s s m a t r i x i f the maximum advantage i s to be taken 
of t h i s paramagnetic probe i n the i n v e s t i g a t i o n of g l a s s c r y s t a l l i s a t i o n . 
i 
The a l t e r n a t i v e approach to the problem through X-ray induced 
d e f e c t s i s a l s o not w e l l developed. I t i s w e l l known t h a t one of the 
e f f e c t s of. i o n i z i n g r a d i a t i o n on s o l i d s i s to produce f r e e e l e c t r o n s 
and h o l e s which a r e u l t i m a t e l y trapped to form a type of d e f e c t c e n t r e . 
The o p t i c a l a b s o r p t i o n and magnetic resonance s p e c t r a of these c e n t r e s 
have been e x t e n s i v e l y s t u d i e d i n an e f f o r t to understand the nature of 
the c e n t r e s and the k i n e t i c s of t h e i r formation (1.23) (1.24) (1.25) 
(1.26) ( 1 . 2 7 ) . The o p t i c a l a b s o r p t i o n and resonance s t u d i e s of trapped 
h o l e s suggest t h a t the same k i n d of hole t r a p s occur i n many s i l i c a t e , 
phosphate and borate g l a s s e s having t e t r a h e d r a l l y co-ordinated network 
- i n -
formers. Most models propose t h a t the main hole t r a p s a r e a s s o c i a t e d 
w i t h non-bridging oxygen i o n s i n the g l a s s forming t e t r a h e d r a i n which 
the e l e c t r o n s a r e p l a c e d . For s i l i c a t e g l a s s e s , p l a c i n g these l e v e l s 
i n the v i t r e o u s s i l i c a band gap r e l a t e s the e l e c t r o n i c band s t r u c t u r e 
of b i n a r y s i l i c a t e g l a s s e s to t h a t of v i t r e o u s s i l i c a ( 1 . 2 8 ) . 
I n c o n t r a s t to the o p t i c a l and e . s . r . s t u d i e s of i r r a d i a t e d 
g l a s s e s l i t t l e work has so f a r been done i n connection w i t h the 
thermoluminescence p r o p e r t i e s of g l a s s e s (1.29) ( 1 . 3 0 ) . I t was c o n s i d e r e d 
t h a t thermoluminescence would prove a u s e f u l technique i n the context 
of the p r e s e n t work as i t p r o v i d e s a s e n s i t i v e t o o l f o r i n v e s t i g a t i n g 
d e f e c t energy l e v e l s i n e i t h e r g l a s s y or c r y s t a l l i n e s o l i d s . 
- .10 -
CHAPTER 2. 
TECHNIQUES AND EXPERIMENTAL METHODS 
2.1 Specimen P r e p a r a t i o n 
A l l the g l a s s e s used i n t h i s work were prepared from high 
p u r i t y m a t e r i a l s which i n c l u d e d a c i d washed, 180 micron mesh 
B r a z i l i a n q u a r t z ; 99.9% l i t h i u m carbonate; a c i d washed, crushed 
sapphire;-99.95% r a r e e a r t h o x i d e s and B.D.H. grade t i t a n i u m 
d i o x i d e w i t h l e s s than 0.05% Fe. 
I 
Compositions were chosen from the L i 0-A1 0 -SiO phase diagram 
2 ^ 
F i g . ( 2 . 1 ) , f o r the base L.A.S. g l a s s e s . The amount of a d d i t i o n s 
of Gd 0 and TiO to these L.A.S. base g l a s s e s depended upon the 
c o n s i d e r a t i o n s o u t l i n e d i n Chapter 3. Mixtures of the c o n s t i t u e n t s , 
to g i v e the compositions r e q u i r e d , were prepared and ground together 
i n an agate mortar to a s s i s t d i s p e r s i o n before m e l t i n g . E l e c t r i c a l l y 
heated f u r n a c e s were used to melt approximately 100 gm. batches of 
the i n d i v i d u a l g l a s s e s i n 95% platinum 5% rhodium c r u c i b l e s . The 
Kanthal h e a t i n g elements allowed the temperature to be governed by 
a Eurotherm c o n t r o l system. There was no attempt made to a l t e r the 
atmosphere surrounding the melt, although t h i s has been used to 
produce o x i d a t i o n and r e d u c t i o n of i o n s i n g l a s s melts by othe r 
workers. The use of a l i d on the c r u c i b l e s and a co n s t a n t a i r 
environment f o r the melt was assumed to give an adequately c o n s t a n t 
o x i d a t i o n c o n d i t i o n . 
G l a s s e s were maintained i n the molten s t a t e f o r s e v e r a l hours 
w i t h i n t e r m e d i a t e d r a g a t i p n , w i t h d i s t i l l e d water, to promote the 
production of a homogeneous g l a s s and the removal of seed. When the 
11 
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melt was seen to be reasonably 'seed-free', the g l a s s was cooled 
r a p i d l y to room temperature by c h i l l i n g on metal b l o c k s . For some 
o 
g l a s s e s p r e h e a t i n g of the metal b l o c k s to 200-300 C was n e c e s s a r y 
to prevent s h a t t e r i n g of the g l a s s on c o o l i n g . The temperature and 
time of m e l t i n g v a r i e d w i t h g l a s s composition but was t y p i c a l l y 
1600°C f o r 10-20 hours f o r g l a s s e s i n the L.A.S. system. A l l the 
samples produced i n t h i s way were found to be t o t a l l y g l a s s y by 
X-ray d i f f r a c t i o n . 
A d d i t i o n s were c a l c u l a t e d and added to 100% of the base g l a s s . 
Standard wet chemical a n a l y s i s , performed on a s e l e c t i o n of the 
g l a s s e s a t James A. J o b l i n g Advanced Research U n i t , gave the 
composition of the g l a s s e s w i t h i n a few percent of the batch 
compositions. These s l i g h t changes may be due to v o l a t i l i s a t i o n i n 
the melt or inhomogeneity i n the g l a s s . The s m a l l d i f f e r e n c e s have 
been assumed n e g l i g i b l e and the g l a s s composition taken as t h a t of 
the o r i g i n a l batch when a n a l y s i s r e s u l t s were not a v a i l a b l e . Table 
(2.1) shows the compositions f o r a l l the g l a s s e s used. 
Samples r e q u i r e d f o r s p e c i f i c experiments were s p e c i a l l y 
prepared: f o r use i n o p t i c a l a b s o r p t i o n measurements, specimens 
were ground f l a t and p o l i s h e d to a one micron f i n i s h w i t h diamond 
pa s t e a f t e r being cut to the r e q u i r e d shape and s i z e . 
P r e l i m i n a r y heat treatment s t u d i e s were made on samples p l a c e d 
J.ii a temperature 'gradient furnace. More p r e c i s e heat treatment was 
obtained by p l a c i n g the samples d i r e c t l y i n t o a preheated furnace 
and they were returned to room temperature as r a p i d l y as p o s s i b l e 
a f t e r the r e q u i r e d p e r i o d of soaking a t the s e t temperatures. The 
TABLE 2.1 
GLASS COMPOSITIONS 
SAMPLE NOS. s i o 2 A 1 2 ° 3 
MOLE 
L i 2 0 
% OF 
T i 0 2 ' G d 2 ° 3 N d 2 ° 3 
1022 60 20 20 _ _ _ 
1023 60 20 20 0.1 - -
1035 60 20 20 5.0 - -
1036 60 20 20 5.0 1.0 -
1057 60 20 20 0.1 1.0 -
1058 60 20 20 - 1.0 -
1059 60 20 20 5.0 - 1.0 
1060 60 20 20 - - 1.0 
1129 60 20 20 5.0 0.18 -
1130 60 20 20 5.0 0.09 -
1022/1 60 20 20 0.01 - -
1022/2 60 20 20 0.05 - -
1022/3 60 20 20' 0.10 -. -
1022/4 • 60 20 20 0.50 - -
1022/5 60 20 20 1.00 - -
1022/6 60 20 20 5.00 - -
1022/0/1 i 90 5 5 - - -
1022/0/2 80 10 10 - - -
1022/0/3 70 15 15 - -
1022/0/4 50 25 25 - - -
1022/0/5 80 0 20 - - -
1022/0/6 70 10 20 - - -
1022/0/7 50 30 20 - - -
1022/0/8 80 20 0 - - -
1022/0/9 70 20 10 - - • -
1022/0/10 50 20- 30 - - -
temperatures were estimated to be w i t h i n 2 C of the s t a t e d v a l u e s . 
2.2 D i f f e r e n t i a l Thermal A n a l y s i s 
2.2.1 O u t l i n e of Theory 
D i f f e r e n t i a l thermal a n a l y s i s was used to observe thermal e f f e c t s 
accompanying chemical changes and s t r u c t u r a l t r a n s f o r m a t i o n s during 
the c r y s t a l l i s a t i o n of the g l a s s e s . The temperature d i f f e r e n t i a l 
'between a sample and a t h e r m a l l y i n e r t r e f e r e n c e sample of aluminium 
oxide i s recorded w h i l s t both undergo an i d e n t i c a l , c onstant r a t e of 
temperature i n c r e a s e . 
I t has been shown (2.1) t h a t i f K i s a temperature n o r m a l i s i n g 
c o e f f i c i e n t between the sample and the r e f e r e n c e m a t e r i a l , r i s the 
h e a t i n g r a t e , T^ i s the temperature of the r e f e r e n c e j u n c t i o n , 
i 
~ r s' p i s the heat content of the sample and i t s support and 
A H i s the amount-"of heat a s s o c i a t e d w i t h the r e a c t i o n , then assuming 
C and K a r e not temperature-dependent over the i n t e r v a l i n v o l v e d 
during a time p e r i o d dt when the r e a c t i o n i s o c c u r r i n g , the heat 
balance equation i s 
I f t and t a r e the times a t the beginning and end of a peak then 
i t f o l l o w s from equation (2-1) t h a t 
P 
C d AT = P dAH - K A T dt 
(2-1) 
AH = K 2 AT dt (2-2) 
= K peak a r e a (A) (2-3) 
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K i s a f u n c t i o n of sample and furnace geometry and i s complicated 
by specimen c o n t r a c t i o n and temperature non-uniformity a r i s i n g from 
problems of thermal t r a n s f e r . 
From equation (2-1) between temperatures t and t 
K ( T - T ) dt = 1 s C dT + P s d AH (2-4) 
s i n c e T = T + r t , ( t . * t ^ t 0 ) (2-5) r s 1 6 
AT = r ( t . - t . ) max 2 1 (2-6) 
from equation (2-4) K r ( t - t ) 
1 2 = A h (2-7) 
AT max / 2 r AH" / K 
(2-8) 
From equations (2-3) and (2-8) i t can be seen t h a t the heat a s s o c i a t e d 
w i t h a given r e a c t i o n i s p r o p o r t i o n a l to the peak area, w h i l s t the 
maximum temperature span i s p r o p o r t i o n a l to the square root of the 
product of the h e a t i n g r a t e and the peak a r e a . 
By keeping experimental procedures a s constant as p o s s i b l e the 
teiupex'ature uoi'iu&lisii'ig c o e f f i c i e n t , K, can be assumed c o n s t a n t . 
T h i s e n t a i l e d c o n s t a n t weights and s i z e of p a r t i c l e s f o r specimen 
and r e f e r e n c e m a t e r i a l s . A constant g e o m e t r i c a l apparatus arrangement 
was a l s o used. As the h e a t i n g r a t e r was kept constant, from 
equations (2-3) and (2-8) i t can been seen t h a t the a r e a and width 
of the d i f f e r e n t i a l peak give a measure of the thermal changes 
o c c u r r i n g i n the sample. 
2.2.2 Experimental 
A commercial Standata 5-50 D.T.A. apparatus, a schematic 
diagram of which i s shown i n F i g . ( 2 . 2 ) , was used i n t h i s study. 
0.30 grams of specimen and r e f e r e n c e m a t e r i a l were p l a c e d i n 
s e p a r a t e matched platinum c r u c i b l e s , a f t e r being passed through a 
250 micron mesh s i e v e to ensure uniform g r a i n s i z e , and each was 
g e n t l y v i b r a t e d to avoid a i r i n c l u s i o n s . A Pt/Rh thermocouple was 
used to r e c o r d the furnace temperature w h i l s t a second thermocouple 
measured the temperature d i f f e r e n t i a l . The e.m.f. outputs were 
d i s p l a y e d on a c h a r t r e c o r d e r . A c o n s i s t e n c y check w i t h two 
i d e n t i c a l specimens i n two d i f f e r e n t s e t s of d i f f e r e n t i a l thermal 
a n a l y s i s apparatus showed the temperatures recorded to d i f f e r by l e s s 
than 2° C. 
2.3 X-ray D i f f r a c t i o n 
A r e g u l a r c r y s t a l l i n e arrangement i s not r e q u i r e d f o r the 
.production of d i f f r a c t i o n e f f e c t s as was f i r s t pointed out by 
Debye ( 2 . 2 ) . I n c o n t r a s t to the sharp d i f f r a c t i o n e f f e c t s of 
c r y s t a l l i n e m a t e r i a l s i t i s found that, l i q u i d s and g l a s s e s generate 
only one or more broad d i f f u s e h a l o s . T h i s i s to be expected as the 
w e l l - d e f i n e d l a t t i c e parameters, n e c e s s a r y to produce sharp 
. d i f f r a c t i o n l i n e s , a r e absent. 
I n the p r e s e n t study the progress of the g l a s s e s towards 
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c r y s t a l l i n i t y , w i t h heat treatment, was monitored by the emergence 
of the c r y s t a l l i n e d i f f r a c t i o n l i n e s . X-ray measurements were 
obtained, u s i n g e i t h e r an A . E . i . Raymax RX3 or a P h i l i p s commercial 
X-ray camera operated w i t h a Cu K«c tube. 
As i t was d e s i r a b l e to use the d i f f r a c t i o n l i n e i n t e n s i t i e s 
as a s e m i - q u a n t i t a t i v e measure of the e x t e n t of c r y s t a l l i s a t i o n a 
constant procedure was followed. T h i s i n c l u d e d three-hour exposures 
w i t h X-ray tube s e t t i n g s o f 35 kV and 15 mA i n c o n j u n c t i o n w i t h 
Kodak i n d u s t r i a l G f i l m . " An i n e r t h y s p i n o i l binder was used to 
hold the samples, which had been ground i n an agate mortar and 
passed through a 250 micron mesh s i e v e . A f t e r standard X-ray f i l m 
development, the n e g a t i v e s were pr o c e s s e d by use of a Joyce Loebl 
o p t i c a l densitometer operated w i t h a 100 micron s t e p i n t e r v a l . Both 
a g r a p h i c a l and a punched tape output were obtained, the l a t t e r 
being a n a l y s e d on an I.B.M. 1130 computer to f i n d the a p p r o p r i a t e 
d-values. These d-values were then compared w i t h the A.S.T.M. index 
v a l u e s of the expected c r y s t a l l i n e s t r u c t u r e s . 
As no sharp d i v i d i n g l i n e e x i s t s between c r y s t a l l i n e and s o - c a l l e d 
amorphous m a t e r i a l s a q u a n t i t a t i v e measure of the c r y s t a l l i s a t i o n 
was estimated from e i t h e r the g r a p h i c a l o p t i c a l densitometer output or 
from the computer processed data. 
2.4 E l e c t r o n Microscopy 
P r e l i m i n a r y o b s e r v a t i o n s of h e a t - t r e a t e d g l a s s e s were made w i t h 
a T e s l a BS 242E e l e c t r o n microscope. T h i s reduced the number of 
specimens which r e q u i r e d the higher m a g n i f i c a t i o n o b t a i n a b l e w i t h 
a P h i l i p s E.M. 300 e l e c t r o n microscope. Samples were examined by 
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o b s e r v a t i o n of r e p l i c a s taken from f r e s h l y f r a c t u r e d s u r f a c e s . For the 
h i g h e s t r e s o l u t i o n i t was found t h a t t r a n s m i s s i o n through t h i n c h i p s 
provided the c l e a r e s t p i c t u r e s . For both microscopes a s i m i l a r 
double-stage specimen p r e p a r a t i o n was followed. Advantage of the 
d i f f e r e n t s o l u b i l i t y of the g l a s s y and the c r y s t a l l i n e phases i n 
d i l u t e hydrofluoric a c i d was taken to enhance the image r e s o l u t i o n . 
C a r e f u l c o n t r o l was r e q u i r e d to o b t a i n the maximum p o s s i b l e 
advantage of the d i f f e r e n t s o l u b i l i t i e s . A f t e r s e v e r a l t e s t runs 
a procedure was adopted i n which f r e s h l y f r a c t u r e d s u r f a c e s were 
etched w i t h 0.2% HF f o r s e v e r a l seconds. P l a s t i c r e p l i c a t i o n , 
u s i n g acetone s o f t e n i n g of the p l a s t i c ' , was followed by carbon 
c o a t i n g of the r e p l i c a i n an evacuated atmosphere. T h i s carbon 
f i l m was then r e l e a s e d by d i s s o l v i n g the p l a s t i c i n 5% HF f o r 
s e v e r a l minutes. I t was then washed i n acetone and d i s t i l l e d water 
and f l o a t e d onto ,a copper g r i d . The copper g r i d could then be 
mounted i n the e l e c t r o n microscope. 
Although s t r u c t u r e g r e a t e r than 1,000 A could be observed 
by the r e p l i c a t i o n technique f i n e r d e t a i l r e q u i r e d t r a n s m i s s i o n 
e l e c t r o n microscopy. I t was found t h a t ' t h e double-stage p r e p a r a t i o n 
of the samples allowed o b s e r v a t i o n by the t r a n s m i s s i o n p r o c e s s , 
s i n c e s m a l l fragments of specimen remained on the r e p l i c a s . At 
l a r g e m a g n i f i c a t i o n , g r e a t e r than one hundred and f i f t y thousand 
< times, heat generated by the e l e c t r o n beam was found to cause some 
s t r u c t u r a l a l t e r a t i o n s . T h i s could only be avoided by use of the 
r e p l i c a technique, which produced very poor r e s o l u t i o n a t t h i s 
m a g n i f i c a t i o n , or by use of low e l e c t r o n beam i n t e n s i t i e s and 
s h o r t exposure periods w i t h the e l e c t r o n t r a n s m i s s i o n measurements. 
As the l a t t e r gave the b e s t r e s u l t s i t was the method normally 
followed. 
2 . 5 O p t i c a l Measurements 
S e v e r a l instruments were used to i n v e s t i g a t e the o p t i c a l 
p r o p e r t i e s of the g l a s s e s . W i t h i n the 1 7 0 n y n to l.OOOiyn r e g i o n 
an Optika spectrophotometer was used w h i l s t a Perkin-Elmer 1 3 7 E 
sodium c h l o r i d e a b s o r p t i o n spectrophotometer covered the 1.5yu to 25^« -
.region. For h i g h e r e n e r g i e s a Perkin~Elmer U.V. spectrometer was 
used. 
When nec e s s a r y , f o r example i n the measurement of luminescence 
i 
s p e c t r a , the spectrometer output was c o r r e c t e d f o r the quantum 
e f f i c i e n c y of the d e t e c t o r s used. Both t h i n f i l m and K l / p e l l e t 
techniques were used i n the i n f r a r e d region, the l a t t e r being 
r e q u i r e d f o r c r y s t a l l i s e d samples. 
2 . 6 Thermoluminescence 
Thermoluminescence (glow c u r v e ) s p e c t r a were obtained u s i n g 
a s p e c i a l l y designed c r y o s t a t (see F i g . 2 . 3 ) capable of working i n 
the temperature range from 8 0 ° K to 8 6 0 ° K i n c o n j u n c t i o n w i t h an 
E.M.I, photo m u l t i p l i e r tube (type 9 5 1 4 B ) . 2 mm t h i c k p o l i s h e d 
samples approximately 1 . 2 x 7 mm were used and s u b j e c t e d to v a r i o u s 
p e r i o d s of r a d i a t i o n , a t s e t temperatux'es, from a Co. tube t a r g e t 
o p e r a t i n g a t 20 mA and 1 5 kV. R a d i a t i o n was s u p p l i e d to the samples 
through a £ i n c h diameter hole i n the b r a s s c r y o s t a t , masked to a l l o w 
e v a c u a t i o n . Specimens were mounted on a copper block and the 
temperature measured by d i r e c t c o n t a c t of the thermocouple to the 
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g l a s s s u r f a c e away from the copper. S i n c e the g l a s s e s had a low 
thermal c o n d u c t i v i t y the temperature of t h i s s i d e , which has the 
g r e a t e r p r o b a b i l i t y of d e f e c t s , was deemed to be most a p p r o p r i a t e . 
A f t e r s o l a r i s a t i o n , samples were warmed a t a cons t a n t r a t e by 
a K a n t h a l - w i r e e l e c t r i c a l h e a t e r , o p t i c a l l y screened from the 
photo m u l t i p l i e r . As the sample was heated, the thermal r e l e a s e 
of trapped e l e c t r o n s r e s u l t e d i n the r e l e a s e of o p t i c a l photons, 
which were d e t e c t e d by the p h o t o - m u l t i p l i e r . A m p l i f i c a t i o n of 
t h i s s i g n a l was by means of the c i r c u i t shown i n F i g . ( 2 . 4 ) . The 
output from the anode was fed d i r e c t l y to the Y a x i s of an X-Y 
r e c o r d e r , the X a x i s being d r i v e n by the output from a copper/ 
o 
constantan thermocouple, w i t h r e f e r e n c e j u n c t i o n a t 77 K, a t t a c h e d 
d i r e c t l y to the specimen. By the use of an i n t e r n a l time base the 
X-Y r e c o r d e r could a l s o be used to d i s p l a y the luminescence i n t e n s i t y , 
a t a p a r t i c u l a r temperature, as a f u n c t i o n of the time a f t e r 
s w i t c h i n g the e x c i t a t i o n r a d i a t i o n on or o f f . 
S p e c t r a l r e s o l u t i o n of the thermoluminescence output was 
obtained by i n c o r p o r a t i o n of a s e r i e s of o p t i c a l f i l t e r s between 
the sample and the photo m u l t i p l i e r , c o r r e c t i o n being made f o r the 
s p e c t r a l s e n s i t i v i t y of the d e t e c t o r . 
2.7 E l e c t r o n Spin Resonance 
2.7,1 • I n t r o d u c t i o n 
The fundamental resonance c o n d i t i o n i s given by 
i 
h V = g y n B H (2-9) 
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g = 21.4178 (2-10) 
HA 
Where H i s i n k i l o g a u s s 
and X i s i n centimetres 
Experiments are normally c a r r i e d out i n the centimetre 
microwave range as the higher magnetic f i e l d s necessary a t s h o r t e r 
wavelengths are p r o h i b i t i v e , w h i l s t a t higher values o f wavelengths 
the r e s o l u t i o n o f the spectrum becomes poor due t o long r e l a x a t i o n 
times. 
I n Fig.(2.5 a,b) can be seen a comparision o f the a b s o r p t i o n 
and the d e r i v a t i v e spectra f o r a t y p i c a l gadolinium-containing 
l i t h i u m aluminium s i l i c a t e glass. The g r e a t l y - i n c r e a s e d r e s o l u t i o n 
of the e.s.r. a b s o r p t i o n l i n e s obtained by using the d e r i v a t i v e 
technique was found necessary due t o the broad nature o f the l i n e s 
. found i n glass. 
Two major causes are responsible f o r the l i m i t a t i o n o f 
r e s o l u t i o n i n the e.s.r. spectra o f s i n g l e c r y s t a l s . The f i r s t i s 
the s p i n - l a t t i c e r e l a x a t i o n time t , which i s a measure o f the 
time f o r energy t r a n s f e r t o the l a t t i c e . t i s found (2,3) to be 
i n v e r s e l y p r o p o r t i o n a l t o temperature and gives r i s e t o a h a l f 
w i d t h , f o r the resonance l i n e s , a t h a l f i n t e n s i t y o f the order 
o f „ 1 sec. 1 . Low temperatures are o f t e n employed t o a s s i s t 
^ 7f T i 
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r e s o l u t i o n f o r t h i s reason. A second broadening mechanism i s due 
to the temperature independent s p i n - s p i n r e l a x a t i o n time which 
can only be reduced by d i l u t i o n of the r e l e v a n t paramagnetic ions. 
T h e o r e t i c a l determinations are given by Van Vleck (2.4) and 
Pryce and Stevens ( 2 . 5 ) . 
The f i r s t s p i n - l a t t i c e mechanism may be discounted as the 
main cause o f broadening i n the glass samples as no improved 
r e s o l u t i o n was obtained upon r e d u c t i o n o f the temperature o f 
measurement from 300 K to 4.2 K. Also the use of v a r y i n g 
3+ 
concentrations of paramagnetic Gd ions i n the glass showed 
t h a t the second sp i n - s p i n r e l a x a t i o n was not responsible f o r the 
broadening as no change i n l i n e w i d t h occurred. This also 
discounts the p o s s i b i l i t y o f d i p o l a r broadening. I t i s more l i k e l y 
t h a t the random o r i e n t a t i o n and d i s t o r t i o n s o f the i o n i c s i t e s 
w i t h i n the glasses studied provided the m a j o r i t y o f the l i n e w i d t h . 
The magnet employed produced a magnetic f i e l d which had a 
high degree o f u n i f o r m i t y over the volume o f the samples and 
n e g l i g i b l e change was produced i n the e.s.r. spectrum when the 
f i e l d was r o t a t e d . 
2.72 X -Band E.S.R. Spectrometer 
A conventional superheterodyne Xr-band r e f l e c t i o n spectrometer 
w i t h 180 Hz. f i e l d modulation allowed observation of the e.s.r. s i g n a l . 
F i g . (2.6) i s a block diagram r e p r e s e n t i n g the apparatus used f o r 
i 
these measurements and the r e l e v a n t c i r c u i t r y i s shown i n Figs. (2.7) 
and ( 2 . 8 ) . Microwave power i s obtained from a 20 kHz. frequency 
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modulated 9.8 GHz. M i l l i a r d K l y s t r o n (type 2K 25) which has a 
s t a b i l i s e d voltage supply. The k l y s t r o n was mechanically tunable 
to match the microwave frequencies o f the sample c a v i t i e s employed. 
I n order t o measure the frequency, and hence c a l c u l a t e 
g-values, a f r a c t i o n o f the microwave power was coupled out of the 
i n i t i a l waveguide which feeds power t o a magic T. A t t h i s magic T 
i 
the power i s eq u a l l y d i v i d e d between the sample arm and the balancing 
arm. I n t h i s second arm an a d j u s t a b l e a t t e n u a t o r and.phase s h i f t e r 
a l l o w the bridge t o be balanced. The r e f l e c t e d power from these 
two arms w i l l completely cancel when the bridge i s balanced and then 
no power leaves by the f o u r t h arm o f the magic T. This f o u r t h arm 
leads t o the s i g n a l d e t e c t i o n c i r c u i t s . 
As the magnetic f i e l d i s increased and the resonance c o n d i t i o n 
reached, the sample absorbs microwave power causing the bridge t o 
become unbalanced. This produces an out-of-balance s i g n a l i n the 
f o u r t h arm o f the magic T which leads t o the c r y s t a l d e t e c t o r . Here 
a l o c a l o s c i l l a t o r k l y s t r o n supplies a mixing frequency t o the 
incoming s i g n a l t o a l l o w the r e d u c t i o n o f frequency to a value a t 
which normal e l e c t r o n i c a m p l i f i c a t i o n can be a p p l i e d . This mixing 
changes the i n p u t s i g n a l t o 30 MHz. s t i l l r e t a i n i n g the 20 kHz. 
modulation . This 30 MHz. i s now s e l e c t i v e l y a m p l i f i e d by means o f 
a tuned a m p l i f i e r w i t h centre frequency o f 30 MHz. and a 6 MHz. 
bandwidth. A sample o f t h i s a m p l i f i e d s i g n a l i s used t o o b t a i n 
i 
frequency l o c k i n g of the l o c a l o s c i l l a t o r k l y s t r o n by feeding i t 
i back t o t h i s k l y s t r o n v i a a cathode f o l l o w e r , l i m i t e r and 
d i s c r i m i n a t o r . 
The source k l y s t r o n i s also locked to the resonant c a v i t y . 
This i s achieved by t a k i n g a sample o f the 30 MHz. a m p l i f i e d 
s i g n a l , which has a 20 kHz. modulation component, passing i t 
through a h i g h pass f i l t e r and a 20 kHz. tuned a m p l i f i e r to a 
phase s e n s i t i v e d e t e c t o r . This p.s.d. w i t h i t s reference s i g n a l 
from the 20 kHz. source k l y s t r o n modulation o s c i l l a t o r , provides 
a s i g n a l which i s p r o p o r t i o n a l t o the frequency d i f f e r e n c e 
between the k l y s t r o n and the c a v i t y , thus p r o v i d i n g a l o c k i n g - i n 
s i g n a l . 
The magnetic f i e l d i s modulated a t 180 Hz. by a p a i r o f 
Helmholtz c o i l s connected t o the D.C. magnet pole pieces. 
Detection of t h i s modulated s i g n a l v i a a low noise a m p l i f i e r and 
phase s e n s i t i v e d e t e c t o r allows the d i s p l a y o f the d i f f e r e n t i a l 
of the absorp t i o n s i g n a l on an X-Y recorder. The X-axis i s d r i v e n 
by the output from a H a l l probe. 
The magnetic f i e l d sweep r a t e and range were c o n t r o l l e d by 
a remote c o n t r o l u n i t F i g . (2.9) attached t o a B r e n t f o r d s t a b i l i s e d 
D.C. power supply (type GRDAQX 95/04), which operated i n the 
0 to 250 v o l t s and 0 t o 300 amps, range, to produce a v a i l a b l e 
f i e l d s up to 15 koe. 
The magnetic f i e l d was c a l i b r a t e d w i t h a nuclear magnetic 
resonance method. A d d i t i o n a l e v a l u a t i o n of the f i e l d was 
provided by the i n c l u s i o n o f a sample o f diphenyl p i c r y l h ydrazyl 
(D.P.P.H.). 
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CHAPTER 3. 
RESULTS AND DISCUSSION (Part I ) 
i 
A. S t r u c t u r a l P r o p e r t i e s 
3.1 D i f f e r e n t i a l Thermal An a l y s i s 
I n i t i a l establishment of the extent o f n u c l e a t i o n and 
c r y s t a l l i s a t i o n i n the glasses was made by the use of d i f f e r e n t i a l 
thermal a n a l y s i s (D.T.A.). Low temperature endothermic peaks 
were found which are known to correspond to the n u c l e a t i o n 
process (3.1) o c c u r r i n g some tens of degrees below the dominant 
exothermic, c r y s t a l l i s a t i o n peak T . I n a l l cases the lower peak 
c 
i s a t l e a s t an order of magnitude smaller than the c r y s t a l l i s a t i o n 
peak and as a r e s u l t the n u c l e a t i o n t r a n s i t i o n was f r e q u e n t l y 
i 
d i f f i c u l t t o de t e c t . 
Several i n t e r e s t i n g features f o r the L.A.S. 1022 se r i e s are 
shown i n Fig . 3.1 ( a - h ) . The base glass shows a small broad 
exothermic peak a t 824°C w i t h some i n d i c a t i o n o f another 
exothermic peak on the high temperature side. Also observable 
o 
i s a small poorly resolved endothermic peak near 760 C 
i n d i c a t i v e o f a n u c l e a t i o n process. Observation of Fig . 3.1 (a-c) 
shows the e f f e c t of adding 0, 0.1, and 5.0% TiO to t h i s base 
glass. Although the i n i t i a l small a d d i t i o n produced v i r t u a l l y no 
change, the presence o f 5% TiO^ i n the glass causes a reduc t i o n 
o 
of the c r y s t a l l i s a t i o n temperature by approximately 50 C and a t 
the same time d r a s t i c a l l y reduces the w i d t h of the corresponding 
peak i n the D.T.A. output. I t i s known t h a t TiO can reduce the 
v i s c o s i t y of a glass melt and i t i s n a t u r a l t o consider t h a t the 
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e f f e c t s of TiO on the c r y s t a l l i s a t i o n mechanism can, i n p a r t , be 
2 
explained by the increased m o b i l i t y o f the ions a t a reduced 
temperature. U n f o r t u n a t e l y t h i s reduced v i s c o s i t y should lead 
to an easier d i f f u s i o n of ions t o the c r y s t a l growth f r o n t and 
hence produce r e l a t i v e l y l a r g e c r y s t a l s . By e l e c t r o n microscopy i t 
i s shown l a t e r t h a t apart from i n c r e a s i n g the s i z e o f c r y s t a l s formed 
there i s a remarkable r e d u c t i o n i n the s i z e and an increase i n the 
number of c r y s t a l s . I t i s t h i s very f a c t t h a t gives the ceramics 
t h e i r d e s i r a b l e p h y s i c a l p r o p e r t i e s . I t i s thus necessary to 
consider a d d i t i o n a l or a l t e r n a t i v e methods o f c r y s t a l l i s a t i o n 
enhancement. As the g r e a t e s t b a r r i e r t o c r y s t a l f ormation i s known 
to be the form a t i o n and growth of n u c l e i t o a c r i t i c a l r a d i u s , the 
formation of n u c l e i by the t i t a n i u m seems to be a f e a s i b l e process. 
To c l a r i f y the e f f e c t s of a f o r e i g n i o n i n the glass 
1% Gd 0 and 1 % Nd„0 were added separately t o the base glass 
and t o the base glass w i t h 5% TiO t o be monitored s p e c i f i c a l l y 
by e.s.r. and o p t i c a l a b s o rption. The e f f e c t s on the D.T.A. 
output can be seen i n F i g . 3.1. I t i s evident t h a t n e i t h e r 
gadolinium nor neodymium alone, appreciably a l t e r s the form of 
the c r y s t a l l i s a t i o n . When, i n a d d i t i o n t o 5% TiOg, 1 % o f the 
ra r e earths i s present the temperature o f c r y s t a l l i s a t i o n i s 
returned t o the value corresponding t o the base glass and 
the t r a n s i t i o n i s again broadened. 
A broad low i n t e n s i t y endothermic peak was found i n a l l 
the glasses and i s an i n d i c a t i o n of a n u c l e a t i o n region. Although 
t h i s peak i s more c l e a r l y defined whenever 5% TiO i s present, 
i t i s less obviously a f f e c t e d by other a d d i t i o n s to the base 
glass. The enhancement of the n u c l e a t i o n r e g i o n 
i 
/ 
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by 5% TiOg was found, i r r e s p e c t i v e o f the presence of the r a r e 
earths. I t would appear t h a t whereas the n u c l e a t i o n produced 
by the t i t a n i a i s unaffected by a d d i t i o n a l ions, the enhanced 
c r y s t a l l i s a t i o n so produced i s e f f e c t i v e l y i n h i b i t e d . This 
can be understood i f the glass i s considered t o have regions 
w i t h compositions close t o the r e s u l t i n g c r y s t a l , then only 
a small amount of l o c a l rearrangement i s r e q u i r e d to produce 
n u c l e a t i o n and_is enhanced by the reduced v i s c o s i t y i n the 
neighbourhood of the t i t a n i u m ions. However the c r y s t a l growth 
r e q u i r e s the d i f f u s i o n of ions t o and from the growth f r o n t t o 
allo w composition c o m p a t i b i l i t y . The i n h i b i t i o n of the process 
by the r a r e earths may be due t o t h e i r l a r g e c o - o r d i n a t i o n 
requirements preventing i o n i c d i f f u s i o n . 
3.2 E l e c t r o n Microscopy 
The type and form o f the c r y s t a l l i s a t i o n i n the L.A.S. 
glasses was fo l l o w e d by observation o f the samples a f t e r heat 
treatment, by the use of e l e c t r o n microscopy. Both transmission 
and r e p l i c a techniques were used i n conjunct i o n w i t h a v a r i e t y 
of e t c h i n g procedures. A comparison of the e f f e c t s of d i f f e r e n t 
specimen p r e p a r a t i o n i s shown i n F i g . 3.2 (a-e) i n which the 
same sample has been subjected to the preparations shown. For 
i 
d e t a i l g r e a t e r than 1,000 A the r e p l i c a technique proved most 
u s e f u l but the f i n e grained c r y s t a l l i s a t i o n induced by the 
presence o f TiO re q u i r e d observation by transmission microscopy. 
A two stage p l a s t i c / c a r b o n r e p l i c a t i o n method was found t o be the 
most u s e f u l , as explained e a r l i e r . A comparison of the e f f e c t s 
i i 
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of m a g n i f i c a t i o n on the sample i n F i g . 3.2 w i t h the same sample 
p r e p a r a t i o n , i s shown i n F i g . 3.3 ( a - e ) and i t can be seen 
t h a t e l e c t r o n t r a n s m i s s i o n and high m a g n i f i c a t i o n a r e n e c e s s a r y 
to observe the s m a l l e s t s t r u c t u r e s . 
i 
From F i g . 3.2 ( a - e ) i t i s c l e a r t h a t f o r an i n t e r p r e t a t i o n 
of the e l e c t r o n micrographs a c o n s i s t e n t method of sample 
p r e p a r a t i o n must be followed. By a comparison of the appearance 
of the X-ray d i f f r a c t i o n p a t t e r n s F i g . 3.5 the s t r u c t u r e s 
observed a r e known to be the e a r l y development of /? - e u c r y p t i t e 
c r y s t a l s . The onset of c r y s t a l l i s a t i o n i n t h i s r e g i o n i s a l s o 
seen to correspond to the D.T.A. output. I t i s e v i d e n t t h a t 
s t r u c t u r a l development was observable by e l e c t r o n microscopy 
before the d i f f r a c t i o n l i n e s developed. Samples were s u b j e c t e d 
to a s e r i e s of heat treatments based on the in f o r m a t i o n d e r i v e d 
from the D.T.A. These c o n s i s t e d of e i t h e r a s i n g l e stage h e a t i n g , 
a t s e t temperatures from 600°C to 800°C f o r one hour, or a 
double stage h e a t i n g i n which samples i n i t i a l l y s u b j e c t e d to 
the s i n g l e s t a g e were subsequently h e l d a t 850°C f o r one hour. 
Samples were brought as q u i c k l y a s p o s s i b l e to these temperatures 
by p l a c i n g them i n a preheated furnace and immediately a f t e r 
the heat treatment the samples were c h i l l e d to room temperature 
by removal from the furnace. By use of t h i s procedure i t was 
hoped to observe the development of the c r y s t a l l i s a t i o n as a 
f u n c t i o n of the heat treatment and a l s o to observe changes 
produced by the i n c o r p o r a t i o n of t i t a n i a and the r a r e e a r t h s . 
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The r e s u l t s of the e l e c t r o n microscopy, i n terms of c r y s t a l 
s i z e and number, together w i t h an i n d i c a t i o n of the X-ray 
d i f f r a c t i o n o b s e r v a t i o n of c r y s t a l l i n i t y , a r e summarised i n 
t a b l e 3.1. Examples of the observed s t r u c t u r e s a r e g i v e n i n 
F i g . 3.4 ( a - 1 ) , from which i t can be seen t h a t s p h e r i c a l l y 
shaped s t r u c t u r e s appear a f t e r the s i n g l e stage h e a t i n g . As 
s t a t e d above, these can be i d e n t i f i e d w i t h the development of 
/3 - e u c r y p t i t e c r y s t a l l i t e s . The average s i z e of these 
s t r u c t u r e s , although v a r y i n g s l i g h t l y , was about 5,000 A f o r 
samples of L.A.S. 1022 s u b j e c t e d to the s i n g l e heat treatment. 
For an i n i t i a l temperature of 650°C the two stage h e a t i n g 
produced s i m i l a r s i z e d s t r u c t u r e s ; however above t h i s temperature 
of i n i t i a l h e a t i n g much l a r g e r s p h e r i c a l s t r u c t u r e s developed 
w i t h r a d i a l dimensions up to 20,000 A. These s p h e r i c a l r e g i ons 
showed i n t e r n a l s t r u c t u r e which can be a s s o c i a t e d w i t h non-
uniform development of the c r y s t a l l i t e growth f r o n t . The l a r g e 
e x t e n t of these r e g i o n s i n t e r m i n g l e d w i t h g l a s s y r e g i o n s t y p i f i e s 
i n e f f i c i e n t c r y s t a l n u c l e a t i o n ; a f a c t which i s a l s o e v i d e n t from 
the r e l a t i v e ease of g l a s s formation w i t h i n t h i s composition. 
When 0.1% TiO was added to the p r e v i o u s g l a s s a s m a l l but 
s i g n i f i c a n t r e d u c t i o n i n . the s p h e r i c a l s t r u c t u r e was produced when 
samples had undergone a s i m i l a r , s i n g l e stage h e a t treatment up 
to 800°C. I f the i n i t i a l h e a t i n g was a t 850°C then the 
c r y s t a l l i t e s , w i t h diameters from 1,000 - 2,000 A were found 
to be extended to 20,000 A, r e m i n i s c e n t of the s t r u c t u r e s 
produced by the double stage heat treatment of L.A.S. 1022. 
T h i s double stage h e a t i n g of the g l a s s w i t h 0.1% TiO produced 
- 46 -
" TABLE 3. 1 
ELECTRON MICROSCOPY RESULTS 
Heat Treatment X-ray R e l a t i v e 
G l a s s a t s t a t e d O b s e r v a t i o n of S i z e of No. of 
No. T em p e r a t u r e s c r y s t a l l i s a t i o n C r y s t a l l i s a t i o n S t r u c t u r e s 
f o r one hour i n u n i t 
volume 
1022 650°C None - -
700°C Small Amount 5.000A 28 
750°C C r y s t a l l i n e 5,000A 14 
800°C » 2,000A 200 - 250 
850°C 6,500A 9 
650°C then 850°C 5.000A 25 
700°C then 850°C 18.000A 3 - 4 
750°C then 850°C 10,000A- 20 ,000A 20 
800°C then 850°c 10.000A- 20.000A 10 
1023 650°C None 1,000A 200 
700°C it ,2.000A 120 
750°C it 1,000A 500 
800°C Small Amount 1,500A 250 
850°C C r y s t a l l i n e 5,000A-20 ,000A 5 
650°C then 850°C ir 1,000A 500 
700°C then 850°C ii 2,500A 60 
750°C then 850°C ii 3.000A 60 
8CO°C then 850°C i i 3,000A 60 
TABLE 3.1 (con t i n u e d ) 
ELECTRON MICROSCOPY RESULTS 
G l a s s 
No. 
Heat Treatment 
a t s t a t e d 
Temperature s 
f o r one hour 
X-ray 
Observation of 
C r y s t a l l i s a t i o n 
S i z e of 
C r y s t a l l i s a t i o n 
R e l a t i v e 
No. of 
S t r u c t u r e s 
i n u n i t 
Volume 
1035 650°C None 1,500A 25 
* 
700°C Small Amount 500A Large No. 
' 750°C C r y s t a l l i n e 0-1.000A 1,500 
800°C 100 A Large No. 
850°C l.OOOA L e s s 
650°C then 850°C » 1.000A Large No. 
700°C then 850°C ... 1,000A-1,500A i. 
750°C then 850°C 1,000A-2,000A .. 
800°C then 850°C 8.000A .1 
1036 650°C None 1.000A Large No. 
700°C None ,1,000A » 
750°C Small Amount 1.000A 
800°C C r y s t a l l i n e 2.000A » 
850°C » 5.000A » 
650°C then 850°C » 500A 
700°C then 850°C » 1.000A » 
750°C then 850°C - •• 
800°C then 850°C " 500A 1' i 
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s p h e r i c a l s t r u c t u r e s w i t h an average s i z e of 2,500 A and the 
l a r g e (20,000 A) s p h e r i c a l r e g i o n s w i t h i n t e r n a l s t r u c t u r e , 
found i n the base g l a s s , were notably absent. T h i s i n d i c a t e d 
t h a t n u c l e a t i o n had been i n c r e a s e d by the presence of 
t i t a n i a . , 
When e i t h e r 5% T i 0 2 or 5% T i 0 2 and 1% GdgOg was i n c o r p o r a t e d 
i n the base L.A.S. g l a s s , the c r y s t a l l i s a t i o n p r o c e s s produced 
such a f i n e g r a i n s t r u c t u r e a f t e r the heat" treatments t h a t "the 
r e p l i c a t i o n method f o r s t r u c t u r a l o b s e r v a t i o n became i n a p p l i c a b l e . 
I n t h i s c a s e g r e a t e r r e s o l u t i o n was o b t a i n a b l e w i t h the 
t r a n s m i s s i o n method p r e v i o u s l y mentioned. I f only t i t a n i a was 
p r e s e n t , a l a r g e number of s p h e r i c a l c r y s t a l l i t e s were observed 
a f t e r the f i r s t stage heat treatment, the average s i z e of which 
was under 1,000 A. 
The two stage h e a t i n g was found to produce s t r u c t u r e s 
w i t h s i z e s which i n c r e a s e d from 1,000 A to 8,000 A w i t h the 
temperature of the i n i t i a l h e a t i n g . T h i s i s i n t e r p r e t e d as 
the r e d u c t i o n of the n u c l e a t i o n e f f i c i e n c y and i n c r e a s e d 
c r y s t a l growth a t the e l e v a t e d temperatures. 
I n a l l the' c a s e s considered so f a r the double stage h e a t i n g 
r e s u l t e d i n an i n c r e a s e i n the c r y s t a l dimensions compared w i t h 
the s i n g l e stage p r o c e s s . I t i s i n t e r e s t i n g to note t h a t when 
1% Gd 0 i s added i n a d d i t i o n to 5% TiO the double h e a t i n g 
2 O « 
produced a r e d u c t i o n i n the diameter of the s t r u c t u r e compared 
to t h a t of the s i n g l e h e a t i n g which produced s t r u c t u r e s of about 
1,000 A e x t e n t . 
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From the above i t i s e v i d e n t t h a t 0.1% TiC> 2 does i n f l u e n c e 
the c r y s t a l l i s a t i o n by i n c r e a s i n g the n u c l e a t i o n e f f i c i e n c y ; 
however the much g r e a t e r e f f e c t s produced by 5% TiO a r e more 
l i k e l y to produce the f i n e g r a i n e d c r y s t a l l i s a t i o n r e q u i r e d f o r 
u s e f u l ceramic production. The assumption of n u c l e a t i o n and 
c r y s t a l growth r e g i o n s would appear to be j u s t i f i e d by the r e s u l t s 
f o r the s i n g l e and double heat treatments. A n u c l e a t i o n region 
o o e x i s t s below 800 C w h i l e near 850 C r a p i d c r y s t a l growth o c c u r s . 
I t i s not suggested t h a t these r e g i o n s a r e completely d i s t i n c t 
a s the a b i l i t y to n u c l e a t e c r y s t a l s and propagate c r y s t a l growth 
must depend on s i m i l a r a c t i v a t i o n e n e r g i e s . They a r e c o n s i d e r e d 
more as broad o v e r l a p p i n g r e g i o n s , as found i n other systems (3.2) 
I f we a c c e p t the e x i s t e n c e of these r e g i o n s , the r o l e of Gd 0 
i n the c r y s t a l l i s a t i o n p r o c e s s i s ag a i n seen to be i n e f f e c t i v e 
i n the n u c l e a t i o n zone and i n h i b i t i v e i n the r e g i o n of c r y s t a l 
growth. 
As one of the t h e o r i e s of TiO^ n u c l e a t e d c r y s t a l l i s a t i o n 
suggests t h a t phase s e p a r a t i o n p l a y s an a c t i v e r o l e i n the 
p r o c e s s i t i s important to note t h a t a t no stage i n any of the 
L.A.S. g l a s s e s observed was any i n d i c a t i o n of phase s e p a r a t i o n 
observed. Phase s e p a r a t i o n may have occurred on a s c a l e too 
s m a l l to be observed i n the p r e s e n t i n v e s t i g a t i o n , although 
t h i s would appear u n l i k e l y as p r e v i o u s o b s e r v a t i o n s of phase 
s e p a r a t i o n i n g l a s s e s , has shown t h a t s t r u c t u r a l u n i t s w i t h 
dimensions w e l l w i t h i n the l i m i t s of o b s e r v a b i l i t y here, a r e 
formed. 
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3.3 X-ray D i f f r a c t i o n 
Standard powder X-ray d i f f r a c t i o n procedures were followed 
to i n v e s t i g a t e the e x t e n t and nature of the c r y s t a l formation i n 
the g l a s s e s s u b j e c t e d to the v a r i o u s heat treatments. 
I d e n t i f i c a t i o n of the c r y s t a l l i s a t i o n product was made by a 
comparison of the observed 'd-values, f o r the l a t t i c e p l a n e s 
g i v i n g the most i n t e n s e l i n e s , w i t h the expected v a l u e f o r 
ft - e u c r y p t i t e . Agreement was normally found to be w i t h i n 
1% and a t y p i c a l comparison i s shown i n T a b l e 3.2 f o r L.A.S. 
1022 a f t e r heat treatment a t 850°C f o r one hour. 
A l l the c r y s t a l l i s a t i o n products, produced by h e a t i n g 
g l a s s e s w i t h L.A.S. 1022 as the base, gave d i f f r a c t i o n l i n e s 
which could be a t t r i b u t e d to the /3 ^ e u c r y p t i t e c r y s t a l l a t t i c e . 
T h i s means t h a t the v a r i o u s a d d i t i o n s of t i t a n i a and r a r e e a r t h s 
although e f f e c t i n g the e x t e n t , d i d not a f f e c t the morphology of 
the f i n a l c r y s t a l l i s a t i o n product. The i n v e s t i g a t i o n of the 
e f f e c t of TiO i s thus s i m p l i f i e d to the c o n s i d e r a t i o n of only 
one o b s e r v a b l e c r y s t a l l i n e development. As no i n d i c a t i o n of 
t i t a n a t e compound formation was found i n the e a r l y s t a g e s of 
t i t a n i a - n u c l e a t e d c r y s t a l l i s a t i o n , the p r e c i p i t a t i o n of t i t a n i u m 
compounds seems u n l i k e l y to be of- major importance. 
U n i t c e l l dimensions have been c a l c u l a t e d f o r some of the 
heat t r e a t e d g l a s s e s and are given i n Table 3.3. No s y s t e m a t i c 
change i n the fluctuations seen about the value expected f o r 
/3 - e u c r y p t i t e was found, confirming t h a t /3 - e u c r y p t i t e was the 
i 
only c r y s t a l l i s a t i o n product on a s c a l e l a r g e enough to be 
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TABLE 3.2 
REFLECTION D 
SAMPLE 
850°c 
1022 
FOR 1 
AT 
HR. 
H K L CALCULATED D OBSERVED D.O. - D.C. 
1 0 0 4.521--- 4.544 0.023 
1 0 2 3.485 3.489 0.004 
1 1 0 2.610 2.621 0.011 
1 0 4 2.340 2.343 0.003 
2 0 0 2.260 2.267 0.007 
1 1 3 2.122 2.096 - 0.026 
2 0 3 1.921 1.891 - 0.030 
2 1 2 1.631 1.636 0.005 
2 1 4 1.449 1.453 0.004 
2 0 6 1.419 1.422 0.003 
TABLE 3.3 
SAMPLE 
TREATMENT 1022 1023 1035 1036 
a c a c a c a c 
800°C f o r 1 nr. 5.17 10.99 5.25 11.98 5.26 10.97 5.28 11.17 
850°C f o r 1 hr . 5.22 10.94 5.22 11.11 5.26 11.01 5.17 11.22 
650°C f o r 1 hr . 
+ 5.26 11.17 5.25 10.99 5.27 10.94 5.24 11.10 
850°C f o r 1 h r . 
700°C f o r 1 hr . 
+ 5.18 10.98 5.25 10.99 5.40 11.15 5.28 11.13 
850°C f o r 1 hr . 
750°C f o r 1 hr . 
+ 5.25 10.97 5.14 10.98 5.23 11.23 5.20 10.96 
850°C f o r 1 hr. 
800°C f o r 1 hr. 
+ 5.21 11.08 5.2,4 10.97 5.11 11.00 5.25 11.03 
850°C f o r 1 hr . 
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dete c t e d by t h i s technique. 
The l a t t i c e parameters of the heat t r e a t e d g l a s s e s 
showed no c o r r e l a t i o n w i t h the temperature of c r y s t a l l i s a t i o n 
or w i t h the s i n g l e and double heat treatments. However, a s m a l l 
but d e f i n i t e i n c r e a s e o c curred i n the observed c e l l dimensions 
when t i t a n i a was p r e s e n t . Although t h i s e f f e c t i s only j u s t 
o bservable i t may i n d i c a t e the s t r e t c h i n g of the c r y s t a l 
l a t t i c e by the i n c o r p o r a t i o n of t i t a n i u m . No e q u i v a l e n t 
expansion of the c e l l dimensions was found when gadolinium was 
pr e s e n t . T h i s would suggest t h a t gadolinium i s l o c a t e d i n the 
g l a s s y p a r t of the specimen and hence could a c t as a b a r r i e r 
to the c r y s t a l growth f r o n t . 
The h e i g h t of the most prominent d i f f r a c t i o n peaks found 
from densitometer t r a c e s , have been used as a measure of the 
degree of c r y s t a l l i s a t i o n . T h i s i s f e a s i b l e as the procedure of 
o b t a i n i n g the d i f f r a c t i o n p a t t e r n s was made as constant as p o s s i b l e 
from sample to sample. The r e l a t i v e i n t e n s i t i e s of c r y s t a l l i s a t i o n 
f o r the s i n g l e ( 2 ) and double ( 1 ) heat treatments a r e shown 
superimposed on the D.T.A. output i n F i g . 3.1 ( a - h ) . For a 
s i n g l e heat treatment, l i t t l e c r y s t a l l i s a t i o n was det e c t e d a t 
temperatures l e s s than those corresponding to the c r y s t a l l i s a t i o n 
peak. Above T q however, the percentage c r y s t a l l i s a t i o n r o s e 
r a p i d l y before p a s s i n g through a maximum. Again there i s a 
marked d i f f e r e n c e between theL.A.S. 1035 ( T i 0 2 o n l y ) and L.A.S. 
1036 (TiO + Gd„0 ) g l a s s e s ; f o r the l a t t e r composition the 
maximum amount of the c r y s t a l l i n e phase was almost an order of 
i 
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magnitude l e s s than that of the specimens c o n t a i n i n g only TiO^. 
F u r t h e r evidence f o r the i n h i b i t i o n of the c r y s t a l l i s a t i o n 
p r o c e s s by gadolinium comes from the r e s u l t s obtained f o r specimens 
s u b j e c t e d to the double heat treatment. The g l a s s e s c o n t a i n i n g 
TiOg show a double peak i n the percentage c r y s t a l l i s a t i o n 
curve i n agreement w i t h o t h e r workers ( 3 . 2 ) ; however, when 
Gd^Og i s a l s o added to the g l a s s the amount of c r y s t a l l i s a t i o n 
i — o 
developed by the second h e a t i n g a t temperatures above 700 C 
i s much l e s s than f o r the g l a s s e s c o n t a i n i n g only TiO . 
A g r a p h i c a l form of the densitometer output f o r some 
t y p i c a l samples i s shown i n F i g . 3.S ( a - h ) . Large amounts of 
g l a s s y s c a t t e r i n g can be observed w i t h a l l samples of L.A.S. 
before heat treatment except when both 5% TiO and 1% Gd 0 
ar e p r e s e n t , when very l i t t l e g l a s s y s c a t t e r i n g was observed. 
The r a t i o of c r y s t a l l i n e d i f f r a c t i o n to g l a s s y s c a t t e r i n g was 
i n c r e a s e d as the temperature and time of heat treatment i n c r e a s e d , 
but f o r the L.A.S. base g l a s s 1022 and f o r the g l a s s w i t h only 
Ql%TiO a s m a l l amount of s c a t t e r i n g remained a f t e r q u i t e h i g h 
heat treatment temperatures. The i n c o r p o r a t i o n of 5% TiO^ 
reduced t h i s to almost zero a f t e r the two stage h e a t i n g . 
The above confirms t h a t t i t a n i u m produces both i n c r e a s e d 
n u c l e a t i o n and c r y s t a l growth and a l s o t h a t when gadolinium i s 
p r e s e n t the c r y s t a l growth i s reduced. A s i m i l a r phenomenon has 
been noted r e c e n t l y (3.3) i n the production of a barium t i t a n a t e 
ceramic. Here the s t a r t i n g m a t e r i a l s a r e c r y s t a l l i n e and 
s i n t e r i n g o c c u r s to produce the f i n a l product which i s found to 
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be a f f e c t e d by the prescence of Gd 0 . I t i s evi d e n t t h a t some 
form of c r y s t a l growth i n h i b i t i o n i s produced by the r a r e e a r t h 
i n the production of the enhanced p r o p e r t i e s , and i t s r o l e may 
be s i m i l a r to t h a t i n d i c a t e d by the e f f e c t s observed i n t h i s 
work. 
The absence of g l a s s y s c a t t e r before heat treatment i n a l l 
the specimens w i t h TiC> 2 and GdgO^ p r e s e n t i s d i f f i c u l t to 
e x p l a i n . G l a s s y s c a t t e r i s due to the random nature of the g l a s s 
l a t t i c e and the c r e a t i o n of a w e l l ordered s t r u c t u r e when TiO^ 
and Gd 0 a r e p r e s e n t cannot account f o r the absence of t h i s 
s c a t t e r i n g a s c r y s t a l l i n e d i f f r a c t i o n l i n e s do not appear. As 
y e t t h i s phenomenon i s not understood. 
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B. E l e c t r o n Spin Resonance. 
3+ 
3.4 E l e c t r o n Spin Resonance of Gd i n g l a s s 
3.4.1 Theory of Resonance Phenomenon 
E l e c t r o n paramagnetic resonance i s dependent on the e x i s t e n c e 
of unpaired e l e c t r o n s i n an atom or molecule. T h i s i s because a 
non-zero t o t a l angular momentum J i s r e q u i r e d to produce a 
moment, ja which i s given by: 
JJ a h J (3-1) 
= -y g J. (3-2) 
= - g L B J (3-3) 
where g i s the Lande g - f a c t o r , 
JLi 
and B = eti i s the Bohr magneton. 
2mc 
By a p p l y i n g a magnetic f i e l d H to the i o n an energy l e v e l can 
be d e f i n e d as 
E = g 0 H.J (3-4) 
and a p a i r of l e v e l s w i t h d i f f e r e n t e n e r g i e s corresponding to 
- J s t a t e s r e s u l t . For a p a r t i c u l a r J value the energy 
d i f f e r e n c e , Ae , can be obtained, f o r example i f J=£ then 
A E = g 7 M (3-5) 
L, Z 
The a p p l i c a t i o n of e l e c t r o m a g n e t i c r a d i a t i o n of frequency v 
can cause an e l e c t r o n i c t r a n s i t i o n between the l e v e l s i f 
hv = g J H (3-6) L z 
Eq u a t i o n (3-6) r e p r e s e n t s the b a s i c resonance c o n d i t i o n . 
- GK -
Although a f r e e ion may j u s t i f y the use of equation ( 3 - 6 ) , 
an i o n i s normally l o c a t e d w i t h i n a s o l i d and cannot be 
considered to be f r e e . A v a r i e t y o f f o r c e s i n f l u e n c e i o n s i n 
s o l i d s and i t i s found convenient to d e f i n e an e f f e c t i v e 
g-value such t h a t 
h v = g f l f f 0H (3-7) 
At temperatures normally used i n e . s . r . experiments only 
the ground s t a t e i s a p p r e c i a b l y occupied and e f f e c t i v e g-values 
can be used to r e f l e c t the l o c a t i o n of paramagnetic i o n s i n 
m a t e r i a l s . I n t h i s way the complex i n t e r a c t i o n s between the 
paramagnetic i o n s and t h e i r surroundings can be r e p r e s e n t e d by 
a s i n g l e experimental parameter. 
3.4.2. The Hamiltonian 
I n order to understand the experimental r e s u l t s obtained some 
attempt must be made to d e r i v e the g-values t h e o r e t i c a l l y . T h i s 
r e q u i r e s a knowledge of the energy l e v e l s of the paramagnetic 
i o n and these can be found by c o n s i d e r i n g the t o t a l h a m iltonian 
of the ion i n the p a r t i c u l a r s o l i d . 
Although only s m a l l c o u p l i n g exchange f o r c e s e x i s t i n 
paramagnetic systems, the o r b i t a l and s p i n i n t e r a c t i o n s must be 
considered. I n the i r o n group, w i t h incomplete 3d s h e l l s , the 
3d e l e c t r o n s a re locked i n t o the f i e l d of the neighbouring i o n s . 
T h i s e f f e c t i v e quenching of the o r b i t a l motion r e s u l t s i n a 
spi n - o n l y magnetism. The p r o t e c t e d , incomplete, i n n e r 4f s h e l l 
of the r a r e e a r t h s however, a l l o w s both o r b i t a l and s p i n . 
c o n t r i b u t i o n s to the i o n i c magnetism. 
Whenever the u n f i l l e d s h e l l i s h a l f f i l l e d , a s p h e r i c a l 
d i s t r i b u t i o n of the charge cloud o c c u r s and should r e s u l t i n 
5 6 
no o r b i t a l s t a t e degeneracy f o r the f r e e ion. I n the 3d S 
7 8 
s t a t e of the i r o n group and i n the 4f S s t a t e of the r a r e 
e a r t h s t h i s would appear to be the case, but observed resonances 
i n c r y s t a l s g i v e c o n f l i c t i n g evidence (3.4) ( 3 . 5 ) . To 
e x p l a i n t h i s anomaly a s p i n - s p i n i n t e r a c t i o n has been suggested 
w i t h the form 
I4 3 2 3 5 
J k j k 
(3-8) 
which assumes an e l l i p s o i d a l d i s t o r t i o n of the e l e c t r o n cloud. 
A s p i n hamiltoriian, # ( s ) can thus be w r i t t e n to r e p r e s e n t the 
s p i n - s p i n i n t e r a c t i o n w i t h the form given below 
2 2 -'2 fd ( s ) = aS + bS + cS ,o- Q\ ' T x y z (3-9) 
where a, b and c a r e r e a l . 
I n e . s . r i t i s not p o s s i b l e to o b t a i n the a b s o l u t e v a l u e s 
of the energy l e v e l s but only the r e l a t i v e s e p a r a t i o n s and 
s p l i t t i n g s i n a magnetic f i e l d . The s p i n h a m i l t o n i a n of 
equation (3-9) can be considered to d e f i n e the energy l e v e l s 
before a magnetic f i e l d i s a p p l i e d . I t i s a l s o p o s s i b l e to add 
a term, symmetric i n S , S and S to equation (3-9) which w i l l 
.x y z 
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only a l t e r i t s a b s o l u t e value without a f f e c t i n g the r e l e v a n c y 
1 2 to e . s . r . I t has become common to s u b t r a c t a term —(a+b+c)S o 
from the r i g h t hand s i d e of the equation (3-9) to enable the 
ha m i l t o n i a n to be subdivided i n terms of two c r y s t a l f i e l d 
parameters D and E. T h i s then g i v e s 
te- (S) = D ( S 2 - - i j S ( S + l ) ) + E ( S 2 - S 2 ) (3-10) ' ' Z 3 x y 
3 1 
where D = — _ c and E = — (a-b) - - -
I 
From equation (3-10) the a x i a l f i e l d s due to t r i g o n a l or 
t e t r a g o n a l symmetry can be seen to be r e p r e s e n t e d by D w h i l s t 
the r e s u l t of lower symmetry orthorhombic c r y s t a l f i e l d s g i v e 
r i s e to the E term. The a p p l i c a t i o n of a magnetic f i e l d 
produces a Zeeman term gfJH.S which must be added to equation 
(3-10) to give the f o l l o w i n g h a m i l t o n i a n f o r the c o n d i t i o n s 
encountered i n e . s . r . 
ff ( S ) = gSH.S + D ( S 2 - -|s(S + 1 ) ) + E ( S 2 - S ) (3-11) 
z
 J x y 
Equation (3-11) i s c o n s i d e r e d a s . the s t a r t i n g p oint f o r 
i 
an i n t e r p r e t a t i o n of the e . s . r . phenomenon found i n g l a s s e s and 
the s o l u t i o n , a s a p p l i c a b l e to t h i s work, i s o u t l i n e d below. 
3.4.3 D i s c u s s i o n of S p i n Hamiltonian S o l u t i o n 
The a p p l i c a t i o n of the s p i n h a m i l t o n i a n approach to 
p o l y c r y s t a l s i s made d i f f i c u l t by the f a c t t h a t the observed s p e c t r a 
c o n t a i n s p a t i a l averages over a l l p o s s i b l e c r y s t a l o r i e n t a t i o n s 
r e l a t i v e to the a p p l i e d f i e l d . I n a g l a s s m a t r i x the s i t u a t i o n 
i s even more complex as i t i s not a t a l l c e r t a i n t h a t the 
paramagnetic ion i s i n only one s i t e . A t b e s t one can probably 
assume s i m i l a r c o - o r d i n a t i o n s f o r the probe i o n s , but the 
i n t e r - i o n i c s p a c i n g i n the immediate v i c i n i t y of the probe i o n s 
w i l l d i f f e r throughout the sample. Consequently a second 
average must be made i n attempting to reproduce the observed 
resonances and such an a n a l y s i s may be of l i t t l e v a l u e u n l e s s 
a g reat d e a l of s t r u c t u r a l i n f o r m a t i o n i s a l s o known about the 
g l a s s matrix. 
A broad gar2 resonance i s to be expected f o r t r a n s i t i o n s 
between two pure s t a t e s , but to account f o r the high, g-value 
3+ 
resonances found i n g l a s s e s c o n t a i n i n g Gd , c o n s i d e r a t i o n must 
be given to forbidden ( t A M j J > | ) t r a n s i t i o n s , which r e q u i r e the 
presence of s t r o n g c r y s t a l f i e l d e f f e c t s to remove the l i m i a t i o n 
imposed by the s e l e c t i o n r u l e s . The low f i e l d t r a n s i t i o n s a r e 
.then e f f e c t i v e l y those between the c r y s t a l - f i e l d - s p l i t doublets 
7 
of the J = — s t a t e . 
The h a m i l t o n i a n of equation (3-11) can be w r i t t e n 
/ ^ ( S ) = g p S + g , / 3 ( H S + H S ) + D ( S 2 - -|S(S+1))+E(S 2 - S 2) t i v z z axi* x x y y z 3 x y 
(3-12) 
A s i m p l i f i c a t i o n can be made by assuming g i s o t r o p i c w i t h 
g^ = g^ = g which g i v e s 
# ( S ) = g / 3 ( H z S z + H xS x + H y S y ) + D ( S 2 - -|s (S+l) ) + E ( S 2 - S 2 ) 
(3-13) 
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C l a s s i c a l mechanical angular momentum can be represented 
by a vector whose direction corresponds to the sense and axis 
of rotation and whose magnitude corresponds to the value of the 
angular momentum about t h i s axis. However quantum mechanics 
l i m i t s the available knowledge to the magnitude of the angular 
momentum and i t s component in one direction. The relationship 
between the components of S may be expressed i n a defi n i t e form 
i f these component vectors are represented as operators which 
obey the following commutation r e l a t i o n s . 
[S ,S "I = iS ;[S ,S 1 = iS ; [S ,S 7 = iS ... *• x yJ z y z-< x *• z xJ . y (3-14) 
where [s . , S . 7 = S . S . - S . S . ,o 1 CN U I ' J J ~ i j j l (3-15) 
and the magnitude of S isJS($^  where S 2 = S 2+S 2+S 2 (3-16) 
Two operators A and B are said to commute i f £A,BJ £ 0 which 
means that A and B may be precisely known at the same time and 
can be represented by diagonal matrices. I t has also been shown 
2 
(3.6) that i n a representation where S and S are diagonal, the 
z 2 operators S , S . S and S have the following properties: z x y 
S 2 J M> = S(S + .1) iM> (3-17) 
S | M> = M J , (3-18) z 
s
+ i M > = (S(S+1)-M(M+D ) ^ |M+1> (3-18) 
s_ = (s(S+l)-M(M-l) ) ^  |M-1> (3-20) 
where S = S + iS and S = S - iS . (3-21) + x y - x y 
and represents a spin state. . . 
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From (3-13) and (3-21) the spin hamiltonian becomes: 
J V ( S ) = g / l / H S + H (S +S ) \ + D(S 2 - -|s(S+l)) ' ' I Z Z X + - I z a 
2 ' 
+ E ( S 2 - S 2 ) 
(3-22) 
Now since we can represent the applied f i e l d H i n terms of 
components along the z and x directions such that H = H cos© 
— - z 
and H = H s i n & we have x 
7^(S) = g/3(H cos£ S + sin© (S + S ) ) \ z Z + - * 
+ |<3S* - S(S + 1)) + |<S* - S 2 ) (3-23) 
Matrix elements can be found from equation (3-23) by applying 
the rules given in equations (3-17) to (3-21) to the 
7 
J = — gadolinium ground state. The matrix elements can be 
calculated by the use of "operator equivalents' as described 
f u l l y by Stevens (3.7) and Bleaney and Stevens (3.8). These 
calculations have been made once and for a l l and are 
tabulated (3.9). The formation of the matrix using these values 
i s outlined below. 
- 7-1 -
F i r s t l y the diagonal components are given by 
\ \ H(S), \~\y = B /3 H c o s * 
< " | | H(S) | --§-)>= g /3 H cos £ 
<C"FL H(S) | - | > = g/3H c o s ^ 
cos & 
^ 21 h ( s ) \ \ y = g ^ h c ° s 6 
<( I I H(S) \ \y = g p H cos (9 
"CL I H(S) \ I)' 3 G Z3 H COS* 
H(S) \ \ y = g /3 H cos (9 
7. D 
2> + 3 
1, D . 
2> + 3 
1, D 
2 ) + l 
(7.3) 
- f > + § (1-3) 
(-15) 
(-15) 
|) +f (-.) 
f>+§ (1.3) 
|)+F (7.3) 
(3r24) 
next the f i r s t order off diagonal elements are 
i 
<"fl H(S) 
<4) H(S) 
!> = 5«/» " s i n <9 /63 -
1> -|g/3H s i n £ /63 -I T 
1> s i n <9 
T ; 
i 
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<-F I «<S> L-!> -
<-II « B > | - ± > 
<F I «S> I !> 
<-i\ ««' |-§> 
<FL H<S> I !> 
<LL I I> 
<LL L !> 
<II »«> I !> 
<!l h<s> i |> 
and f i n a l l y the second order off diagonal elements are 
H(S) l*!> = E 2 
<+-! 1 H(S) I4> - E 2 
<+-LL H(S) L^> - E 2 .2/15 1 
<^1 H(S) !*-!> • E 2 •2J1P 
\z /3 H s i n B 
1 H s i n 6 (*1 V. 4 - ! ) 1 
H s i n B 
v 4 
- 3 \ 4 
4 ' 
H sintf 
v 4 
- 15 ) 4 
4 ' 
1 -
2 g /* H s i n I 
v 4 
- 3 \ 4 
4 • 
1 
2 g Z3 H sin0(^- - 35^ * 4 J 
1 -
2 g ^ H s i n ^ f - ?)* 
^g/» H s i n * ( f - 35 \ 4 44 J 
(3-25) 
< H(S) 
< H(S) 
The resulting 8 x 8 matrix becomes: 
H > |-!> |-!> H > U> |I > | I > ! l> 
l> 
J28 1 E J21 -rG+7D 
Hi1 3 IV 2 !> TTC+D G 
If1 BSI? •fG-3D G' 
•KJ-5D G* 4 
> E VT? •ki-5D G' 4 60 * E 3 ] P 0 
,\&? 3 c n ? E n i ? fG-3D 0 
E 3 fb G'1481 5 
2 2 -f<3+7D 
where G = g /3 H cos © and G' = £ g ^  H sin© 
I t was found convenient during computation to divide t h i s 
matrix into three submatrices which are given below. This allowed 
the c r y s t a l f i e l d parameters 0 and E to be varied. 
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The E matrix becomes 
-l> 1-I> H> K> U> tf> if> ll> 
> 
> 
!> 
i> 
!> 
!> 
2.292 
2.292 
3.354 0 
3.354 0 
3.873. 0 
3.873 
3.873 O 
0 3.873 0 
0 3.354 0 
0 2.292 
0 
3.354 
• 0 
2.292 
and the D matrix i s 
D 
•!> 
f> 
i> 
1> 
2 / 
2 / 
- ) 2 / 
-i> |-1> H> |-i> lf> |f> ||> |i> 
9 
-3 
-5 
-5 
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whil s t f i n a l l y the D and E independent terms become 
|-f> |-!> !-!> |-1> |1> ID !.!> |1> 
> 
> 
> 
f> 
!> 
2.646 
2.646 0 3.464 0 
3.464 
3.873 
3.873 
4.0 
4.0 
3.873 
3.873 
3.464 
3.464 
2.646 
2.646 
By solution of the sum of these three submatrices for a 
pa r t i c u l a r set of values of E, D and 0 an energy lev e l scheme 
i 
can be found for the gadolinium ion for a def i n i t e value of the 
external magnetic f i e l d H. As H i s varied an energy l e v e l diagram 
of the type shown i n Fig. (3.S) i s produced. I t i s then possible 
to predict the magnetic f i e l d values of possible t r a n s i t i o n s . On 
Fig. (3.6) a l l the possible X-band tr a n s i t i o n s are indicated; however 
since i n glasses an averaging process must be employed to account for 
the observed spectrum i t i s necessary to find a measure of the 
expected r e l a t i v e i n t e n s i t i e s , which depend on the t r a n s i t i o n 
p r o b a b i l i t i e s . 
79 
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3.4.4. Transition P r o b a b i l i t i e s 
I t i s well known (3.10) that t r a n s i t i o n p r o b a b i l i t i e s can be 
calculated by adding a perturbation to the hamiltonian. From 
equation (3-13) by adding H, cos utk the hamiltonian becomes: 
~H (S) = g fi ( jl + j + S z k ) . h2 cost*/ (cos ec i.+sin«c j ) 
(3-27) 
where H, cos to& represents the o s c i l l a t o r y magnetic component of 
the microwave energy and where «. gives the orientation of h in 
the x-y plane. 
The probability (JJmmt per unit time that a paramagnetic ion 
i n i t i a l l y i n the state j " 1 ^ w i l l be found in the state l**)'^ i s 
given by Pake (3.11) as 
i. 
)0'l H/ |«>J 3^ ') OUm/nl - |</»'/ n, \™/\ ? f (3-28) 
i 
where g ( V ) represents the resonance l i n e shape di s t r i b u t i o n . 
However, the nature of g ( tf) i s not important i n the calculation 
of r e l a t i v e l i n e i n t e n s i t i e s which are given by 
L*' = i < m , i H > > r 
When the c r y s t a l f i e l d i s such as to cause mixing of the basis states 
i t i s possible to represent the mixed states as l i n e a r combinations 
of the eight basis states. . 
For example two such mixed states can be of the form 
| Q > = § 0 . (3-30) 
i ^ <r . i V (3-31) 
In t h i s case the t r a n s i t i o n probability as given by equation (3-29) 
becomes 
i 
P q b ^ ( i n g / j ) 1 ^ * <Ql * 5_|b> 
- L S i n <* < q 1 St - S. j b > ) C3-32) 
4- s ; 0 x c c <«IS+-S.|b>X) £3-33) 
The variable s i t e occupation means that in a glass a l l 
orientations have equal probability so an average must be taken over 
2 
a l l possible values of cC . Since the average values of s i n dt 
2 
and cos eC i s \, equation (3-31) becomes 
I t has been possible with the aid of a computer programme 
given i n Appendix I to calculate a l l the energy l e v e l differences 
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7 between predicted energy l e v e l s with the J = — state for 
p a r t i c u l a r magnetic f i e l d values. This energy difference i s 
compared with the microwave energy applied and i f i t i s within 
a specified tolerance the probability i s calculated to give a 
measure of both f i e l d position and intens i t y of the expected 
t r a n s i t i o n s . , 
The computed output can be drawn as a histogram of 
tr a n s i t i o n i n t e n s i t i e s against f i e l d for p a r t i c u l a r values of the 
f i e l d orientation. Again since a l l orientations of the glass 
s i t e s have equal probability a summation must be made for a l l 
f i e l d orientations. Since isotropy i n the x-y directions has 
been assumed i n the derivation, a weighting factor of 2 s i n ^ 
+ cos 0 must be used to correct the r e l a t i v e t r a n s i t i o n 
p r o b a b i l i t i e s . Evaluation of the r e s u l t s of these calculations 
are presented i n the Section 3.4.6. 
The spin hamiltonian of equation ( 3.11 ) w i l l be seen l a t e r 
to lead to an explanation of some of the structure found in the 
electron spin resonance signal of the gadolinium containing glass 
However, the approximation of symmetry i n the x-y plane may lead 
some inaccuracies. In order to evaluate the effect of non 
uniformities i n the x-y plane an alte r n a t i v e hamiltonian was 
considered i n which the external magnetic f i e l d i s r e s t r i c t e d to 
the >:-y plane. The hamiltonian ( 3.J1 ) thus becomes 
where we assume. = cj = <j 
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i 
Let H = 0 
z 
H = H cos 0 x 
H = H s i n & 
y 
and substituting into equation (3-36) gives 
Equation (3-37) can now be solved i n a s i m i l a r way to equation 
( 3 - 2 3 ) . Again s p a t i a l averages over a l l possible angles for the 
external f i e l d must be made and t r a n s i t i o n p r o b a b i l i t i e s 
calculated. This r e s u l t s i n a histogram of t r a n s i t i o n i n t e n s i t y 
versus magnetic f i e l d for a p a r t i c u l a r c r y s t a l f i e l d value. To 
obtain the observed form of the resonance absorption t h i s x-y 
intensity variation must be added to the r e s u l t for the x-z plane. 
i 
The r e s u l t s of t h i s further c a l c u l a t i o n are presented i n 
Section (3.4.6). 
then 
using 
3.4.5. Results 
E . s . r . absorption was anticipated only for glasses containing 
3+ 
Gd ions, however, specimens of a l l the glasses prepared were 
> 
- -
examined in order to eliminate the possible existence of impurity 
resonances (for example from F e 3 + ) which might interfere with the 
3+ 
Gd spectra. Resonances were never found in any specimen which 
did not contain gadolinium, a feature which also confirmed that 
the titanium ions, when added to the glasses, were predominately 
4+ 
i n the non-magnetic T i state. Consequently any possible 
influence of these ions on the observed spectrum due to cross 
relaxation phenomena can be ruled out. In further_support of 
t h i s conclusion the temperature dependence of the spectra for 
glasses containing both gadolinium and titanium ions was not t y p i c a l 
of that to be expected for a resonance spectrum dominated by cross 
relaxation (3.5). 
The resonance spectra for three gadolinium concentrations 
(0.09%, 0.2% and 1.0%) were examined i n preliminary measurements 
in order to determine the optimum conditions for the present 
investigations. The general form of the spectra in the range from 
H = 0 to 8 k^o i s the same for a l l the compositions with r e l a t i v e l y 
sharp resonances at g st 5.9 and 4.3 and a much broader high-intensity 
resonance with i t s centre f i e l d corresponding to g % 2.0. This i s 
shown for the glass L.A.S. 1058 (1.0% Gd) i n Fig. (3.6). There i s 
also evidence of some further structure associated with t h i s large 
peak i n the v i c i n i t y of g » 2 but i t has so far proved impossible to 
resolve t h i s . s a t i s f a c t o r i l y . 
The only variation evident from decreasing the gadolinium 
i 
concentration i s associated with the broad central resonance which 
decreases i n inten s i t y but has a constant half-width. There i s no 
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corresponding change in the higher g value l i n e i n t e n s i t i e s 
and again their half-widths are independent of composition; 
consequently i t can be assumed that there are no appreciable 
3+ 
interactions between the Gd ions leading to exchange narrowing 
of the l i n e s i n the concentrations studied. These features are 
ty p i c a l of those found by e a r l i e r workers with gadolinium doped 
glasses, and the use of 1.0% gadolinium concentration employed 
in the previous investigations of other,workers allows a more 
meaningful d i r e c t comparison of the various sets of r e s u l t s . 
3+ 
The resonance spectrum of the 1% Gd sample Fig (3.7) 
i s s i m i l a r to that found by these e a r l i e r workers (3.12) (3.13) 
(3.14) using other types of glass matrix. Differences due to the 
glass matrix were found when the d i f f e r e n t i a l of the e.s.r. 
3+ 
absorption of 1% Gd in lithium aluminium s i l i c a t e , sodium 
s i l i c a t e and sodium b o r o s i l i c a t e .glass were compared. These 
are shown i n Fig. (3.8) and w i l l be discussed l a t e r . 
The main in t e r e s t i n t h i s study was in the lithium aluminium 
s i l i c a t e glasses and i t was found for gadolinium-doped glasses i n 
th i s system that a f t e r heat treatment the i n t e n s i t i e s of the 
g (g 2i 5.9) and g (g a 4.3) resonances (see Fig.(3.7)) decreased 
with respect to the g^ resonance as the heat treatment i s increased 
above about 600 °C. This decrease, which i s shown in Fig. (3.9) 
occurred for both the L.A.S. 1036 (Gd and Ti.doped) and L.A.S. 1058 
(Gd doping only) glasses. However, the detailed variation of the 
in t e n s i t y r a t i o of the and g^ resonances ^2^3^ d e P e n d s u P o n 
the composition of the glass under investigation. For the L.A.S.. 
1058 glasses, increasing the temperature of heat treatment led to 
/ 
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FIG 3 8 E .S .R . D I F F E R E N T I A L A B S O R P T I O N S P E C T R U M 
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FIG 3.9 E3.R. INTENSITY VARIATION WITH HEAT TREATMENT 
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a sudden increase i n I 0 / I _ above about 800 C. This temperature 
corresponds t o the onset o f c r y s t a l l i s a t i o n as described e a r l i e r . 
F i g . (3.10) shows the v a r i a t i o n of t h i s r a t i o w i t h i n c r e a s i n g 
heat treatment, temperature. F i g . (3.10) shows also the behaviour 
of the glasses c o n t a i n i n g both t i t a n i u m and gadolinium f o r which 
the r e s u l t s are obviously d i f f e r e n t , the I 0 / I , r a t i o decreasing 
w i t h i n c r e a s i n g n u c l e a t i o n heat- treatment temperature. Comparison 
w i t h the D.T.A. and c r y s t a l l i s a t i o n data o f Fig . (3.1) suggests 
t h a t these v a r i a t i o n s i n the i n t e n s i t y r a t i o are associated w i t h 
the onset of c r y s t a l l i s a t i o n , d i f f e r e n c e s o c c u r r i n g due to the 
d i f f e r e n t methods o f n u c l e a t i o n . 
3+ 
The observation of Gd spectra i n other glass matrices 
shown i n F i g . (3.8) shows t h a t although the resonance l i n e 
p o s i t i o n s appear t o be independent o f the glass host the r e l a t i v e 
i n t e n s i t i e s o f these l i n e s change from one m a t r i x to another. The 
r e l a t i v e r e d u c t i o n i n the broad g^(g * 2) resonance produced a 
greater r e s o l u t i o n of the i n d i v i d u a l l i n e s when the glass host 
i 
was changed from l i t h i u m aluminium s i l i c a t e to sodium s i l i c a t e 
and f i n a l l y t o sodium b o r o s i l i c a t e . This increased r e s o l u t i o n 
c o r r e l a t e s w i t h a r e d u c t i o n i n the v i s c o s i t i e s a t comparable 
temperatures f o r these three glasses. As the presence o f TiO 
3+ 
i n L.A.S. glass, also makes the Gd spectra more e a s i l y r e s o l v a b l e and 
since t i t a n i a i s known t o reduce the v i s c o s i t y , the c o r r e l a t i o n 
seems reasonable. 
Measurements made of the resonance spectrum on a s i n g l e sample 
a t 77 K and 4.2 K d i d not d i f f e r appreciably from those made a t room 
temperature. From t h i s and the f a c t t h a t below 1 % Gd 0 concentrations 
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no l i n e narrowing of the spectra was observed, i t can be concluded 
t h a t the broad nature o f resonance l i n e s was due t o the non-
u n i f o r m i t y i n the r a r e e a r t h c r y s t a l f i e l d environment and the 
random o r i e n t a t i o n of the i o n s i t e s w i t h i n the glass. 
Measurements showed t h a t the high g value s t r u c t u r e produced 
3+ 
by the Gd a t X-band was absent a t Q band frequency. This i s 
i n agreement w i t h the observations of N i c k l i n (3.14). who found 
t h a t a t frequencies away from X-band, r e s o l u t i o n of- the spectra 
g r a d u a l l y decreased. This i s shown i n F i g . (3.11). 
3.4.6. Results of the C r y s t a l F i e l d C a l c u l a t i o n s 
The s o l u t i o n of equation (3-23) produced a s e r i e s of energy 
l e v e l s , f o r the e x t e r n a l f i e l d set i n various d i r e c t i o n s w i t h 
respect t o the x-z plane. I t was necessary t o have a measure 
of the c r y s t a l f i e l d parameters D and E which could then be v a r i e d 
to a l i o w a s i m u l a t i o n of the experimental r e s u l t s . For the 
X-band measurements as discussed p r e v i o u s l y the high g value 
resonances are i n d i c a t i v e of c r y s t a l f i e l d mixing o f the basis 
s t a t e s . To observe the mixed s t a t e s the microwave energy must be 
comparable w i t h the c r y s t a l f i e l d energy. Consequently the value 
of the microwave energy could be used as a s t a r t i n g value f o r 
the c r y s t a l f i e l d parameters D and £. I t was also considered l i k e l y 
t h a t the c r y s t a l f i e l d would show some degree of a x i a l symmetry, 
inherent i n the i n i t i a l assumption of i s o t r o p i c g values. This 
allowed the v a r i a t i o n of D and E t o be semi-systematic. Even so, 
values of D and E were chosen across the e n t i r e range from the 
strong c r y s t a l f i e l d case, when zero f i e l d resonances predominated, 
to the low c r y s t a l f i e l d , pure Zeeraan region.-
28 DPPH MARKER 
V« S.3SGH 
* 
2.8 
y » I34GH 
I6-3GH 
23.I2GH 
s 3 8 4 G H 
X 
4*2 
p c f i i x / A T l x / r ADSORPTION QF GADOLINIUM IN 
PUNCTION O F SODIUM 
FREQUENCY AFTER NICKUN 
- 93 -
Although eigenvalues, eigenvectors and t r a n s i t i o n p r o b a b i l i t i e s 
were found en route to the f i n a l expected t r a n s i t i o n i n t e n s i t i e s 
only an i n d i c a t i o n of t h e i r values f o r a few t y p i c a l cases are given 
i n Table ( 3 . 4 ) . I t i s more a p p r o p r i a t e to consider the histograms 
obtained by summation of the s p a t i a l o r i e n t a t i o n s f o r i n d i v i d u a l 
c r y s t a l f i e l d parameters. Some of the histograms formed i n t h i s 
manner are shown i n F i g . (3.12). By a comparison o f F i g . (3.12) w i t h 
the n u m e r i c a l l y i n t e g r a t e d d i f f e r e n t i a l absorption spectrum of 
3+ 
Gd i n l i t h i u m aluminium s i l i c a t e glass i t i s apparent t h a t no 
s i n g l e set of 0 and £ values adequately accounts f o r the observed 
r e s u l t s . However, i t can also be seen t h a t the dominant broad 
peak at g 2 r e q u i r e s a summation over r e l a t i v e l y low c r y s t a l 
f i e l d values. This i s to be expected as i n the pure Zeeman l i m i t 
the basis s t a t e s must remain pure. T r a n s i t i o n s then occur w i t h 
the normal " f r e e i o n " , s e l e c t i o n r u l e which produces 
g values w i t h magnitudes close t o 2. The broadening i s then 
thought t o be due, as discussed e a r l i e r , to random o r i e n t a t i o n 
3+ 
and c r y s t a l f i e l d f l u c t u a t i o n s o f the Gd environment i n the 
glass m a t r i x . 
I t was found t h a t a r e l a t i v e l y narrow, w e l l defined region 
of high t r a n s i t i o n p r o b a b i l i t y occurred i n the region of g a 6 
f o r a range of c r y s t a l f i e l d values. The remarkable s t a b i l i t y of 
t h i s a bsorption w i t h respect to the c r y s t a l f i e l d could account f o r 
the r e l a t i v e narrow form of t h i s l i n e i n the glasses. A dual s i t e 
occupation must be suggested t o account f o r the two d i f f e r e n t 
resonance l i n e s (g ,g ) as no i n d i v i d u a l c r y s t a l f i e l d value was 
found t o describe both p o s i t i o n and i n t e n s i t y of these two d i s t i n c t 
TABLE 3.4 
Example of Predicted T r a n s i t i o n s a t X-band f o r Gadolinium 
i n a High C r y s t a l F i e l d 
C r y s t a l F i e l d Parameters 
Magnetic F i e l d = 0.60 kG. 
Predicted Eigen Values 
-0.43 -0.41 -0.22 
Eigen Vectors 
0.0000 0.0520 -0.0849 
-0,2177 0.0000 0.0000 
0.0000 -0.6410 0.7611 
.0.9288 0.0000 0.0000 
0.0000 0.7588 0.6344 
-0.2995 0.0000 0.0000 
0.0000 -0.1032 -0.1051 
0.0148 0.0000 0.0000 
D = 0.07 cm 
i n Z D i r e c t i o n 
-0.11 -0.04 
E = 0.025 cm 
0.0000 
-0.4058 
0.0000 
0.1932 
0.0000 
0.8910 
0.0000 
-0.0642 
0.0000 
0.8876 
0.0000 
0.3162 
0.0000 
0.3339 
0.0000 
-0.0263 
Moments 
0.82 0.62 1.32 -1.54 3.68 
0.22 
-0.0188 
0.0000 
0.0125 
0.0000 
0.1463 
0.0000 
0.9890 
0.0000 
-4.88 
0.30 
0.9949 
0.0000 
0.0987 
0.0000 
0.0172 
0.0000 
0.0151 
0.0000 
0.69 
0.0000 
0.0005 
0.0000 
0.0070 
0.0000 
0.0706 
0.0000 
0.9975 
6.92 -6.94 
Pred i c t e d X-band T r a n s i t i o n s 
Eigen Values 
-9.92295E-02 -4.19270E-01 
Eigen Values 
T r a n s i t i o n P r o b a b i l i t y = 9.2109 
2.21498E-01 -9.92295E-02 
T r a n s i t i o n P r o b a b i l i t y = 10.7572 
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Gd resonance f e a t u r e s . C e r t a i n d i s c o n t i n u i t i e s i n the c a l c u l a t e d 
histograms a r i s e due t o the mesh s i z e used f o r the computation i n 
both magnetic f i e l d value and o r i e n t a t i o n i n t e r v a l . These 
i r r e g u l a r i t i e s w i l l be smoothed out by a r e d u c t i o n i n these 
i 
increments but no new fe a t u r e s appear t o be developed. 
From the i n t e g r a t e d spectrum F i g . (3.13) i t can be seen t h a t 
the r e s o l u t i o n i s g r e a t l y reduced compared t o the experimental 
d i f f e r e n t i a l curve. This together w i t h the broad nature of the 
curves and the necessity f o r a f i n e r mesh f o r computation means 
t h a t an exact f i t w i t h the experimental r e s u l t s w i l l r e q u i r e 
extensive computation. However, the summation o f t r a n s i t i o n 
i n t e n s i t i e s due to c r y s t a l f i e l d values around D 0.06 cm * 
and E - 0.015 cm J" w h i l .t accounting f o r the resonance w i t h 
g a: 5.9 also produ<:>.cl ;.^sorption peaks at o i t h e r side of the 
g Si 2 region as shown i n Fig . (3.13). I t i s suggested t h a t t h i s 
accounts f o r the po o r l y resolved s t r u c t u r e i n the g «. 2 r e g i o n f o r 
3+ 
Gd doped L.A.S. glass which may be s i m i l a r to t h a t observed f o r the 
e q u i v a l e n t l y doped sodium b o r o s i l i c a t e glass. I f t h i s i s so then 
the a b s o r p t i o n w i t h g * 4.3 i s not y e t explained. However, when 
the h a m i l t o n i a n ( 3 — ^ 7 ) r e p r e s e n t i n g the assymmetry i n the x-y 
plane was solved the low c r y s t a l f i e l d values of 0 and E produced 
a marked absorption i n the region o f g a 4.3. I t i s t h e r e f o r e 
suggested t h a t two s i t e s e x i s t f o r the gadolinium, one w i t h a 
high c r y s t a l f i e l d and the other w i t h a much lower c r y s t a l f i e l d . 
To enable a good f i t t o be obtained w i t h the experimental 
r e s u l t s a gaussian d i s t r i b u t i o n i n the c r y s t a l f i e l d parameters was 
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.used. The r e s u l t a n t values f o r the low c r y s t a l f i e l d s i t e v/ere found 
to be D = 0.018 - 0.004 , E = 0.005 - 0.002 w h i l s t the other 
s i t e had D = 0 . 0 6 5" - O.OOG E = O.OZS- 0.00 S «*•»". Although 
an exact f i t w i t h the experimental r e s u l t s r e q u i r e s more 
extensive computation, the averaging procedures adopted have 
obviously p r e d i c t e d the main f e a t u r e s of the experimental data. 
From the o v e r a l l i n t e g r a t e d absorption i n t e n s i t y an estimate 
can be made of the r e l a t i v e occupation f o r the two proposed s i t e s . 
This i s found t o be approximately 1:20 f o r the high and low 
c r y s t a l f i e l d s i t e s r e s p e c t i v e l y w i t h 1.0 mole % gadolinium 
i n a l i t h i u m aluminium s i l i c a t e glass. 
i 
To v e r i f y the values o f the c r y s t a l f i e l d parameters found 
"3 
measurements of e.s.r. a b s o r p t i o n were made a t Q-band frequencies 
( *» 4 x l O 1 ^ Hz). A broad low i n t e n s i t y a b s o r p t i o n was found i n 
the r e g i o n o f g St 2 w i t h no high g value absorption l i n e s . 
Microwave energies which corresponded t o Q-band frequencies were 
used t o c a l c u l a t e the expected i n t e n s i t y and p o s i t i o n of the 
t r a n s i t i o n s f o r the l e v e l scheme corresponding to the high and low 
c r y s t a l f i e l d values found t o e x p l a i n best the r e s u l t s a t x-band. 
I n agreement w i t h the experimental r e s u l t s only a broad low 
i n t e n s i t y a bsorption i n the reg i o n o f g * 2 was p r e d i c t e d . 
Various u s e f u l i n f o r m a t i o n has been obtained by employing 
the s p i n h a m i l t o n i a n approach to account f o r the main resonances 
3+. 
of the glasses c o n t a i n i n g Gd but an a l t e r n a t i v e method of 
an a l y s i s i s po s s i b l e . This has been described by Koster and 
Statz (3.15) (3.16) and uses the f a c t t h a t the m a t r i x elements 
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contained i n the expression f o r the o s c i l l a t o r strengths suggest 
t h a t a great many t r a n s i t i o n s may occur between the e i g h t l e v e l s , 
i n c l u d i n g some at very low f i e l d values. The ha m i l t o n i a n used 
i n t h i s treatment i s formed by using basis wave f u n c t i o n s of the 
c o r r e c t symmetry and Koster and Statz have shown t h a t the m a t r i x 
elements o f "H^ between two s t a t e s and -f? may be w r i t t e n 
< < I « z f t > • s> ^ " " J 4 • v . ) 
Where the g * 1 *s are f i t t i n g parameters and the O *s are 
matrices which have been derived once and f o r a l l f o r many 
symmetries by Koster and Statz. The zero f i e l d s p l i t t i n g s are 
assumed to e x i s t ab i n i t i o and the l e v e l separations are then 
also used as f i t t i n g parameters. Unlike the spin h a m i l t o n i a n 
approach the g values are not r e l a t e d by simple constants and 
there i s , i n consequence, considerably more f l e x i b i l i t y i n f i t t i n g 
observed resonances using t h i s method. Due to the d i f f i c u l t y o f 
i n t e r p r e t a t i o n of the glass spectra t h i s procedure was not 
fo l l o w e d and i s only given as an o u t l i n e of a possible a l t e r n a t i v e 
method. 
3.4.7. Discussion 
I n the l i g h t of the randqm o r i e n t a t i o n of the d i s t o r t e d 
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3+ 
environments about the Gd ions making the spectra i n t e r p r e t a t i o n 
incomplete, i t was found more u s e f u l t o attempt t o employ the 
c h a r a c t e r i s t i c s o f the resonance spectra themselves ( i . e . l i n e 
w i d t h , resonance f i e l d and l i n e i n t e n s i t y ) as a means of 
o b t a i n i n g i n f o r m a t i o n i n d i c a t i n g p o s s i b l e c o r r e l a t i o n s between 
the s t r u c t u r a l and e l e c t r o n i c p r o p e r t i e s of the glasses. 
The most s e n s i t i v e f e a t u r e o f the spectrum, F i g . (3.7) 
the low f i e l d resonances and, as has been shown, the r e l a t i v e 
i n t e n s i t i e s of these l i n e s vary w i t h heat treatment, the d e t a i l e d 
v a r i a t i o n depending upon the composition. However, the l i n e 
widths and resonance f i e l d s are e s s e n t i a l l y constant. I f the 
increase i n the I2 /' I3 r a t i o w i t h heat treatment temperature 
observed f o r the L.A.S. 105H glasses i s taken as the normal 
behaviour then the sudden drop i n t h i s q u a n t i t y i n the 
t i t a n i u m - c o n t a i n i n g L.A.S. 1036 glasses must be taken as an 
3+ 4+ 
i n d i c a t i o n of an i n t e r a c t i o n between the Gd and T i ions. 
3+ 
I f the Gd i s i n only one s i t e i n the glass and the low 
f i e l d resonances a r i s e from t r a n s i t i o n s between the s t r o n g l y 
7 
h y b r i d i z e d doublets of the J = — manifold i t i s d i f f i c u l t t o 
see why the presence of t i t a n i u m ions d u r i n g c r y s t a l l i s a t i o n 
should a f f e c t one of the resonance l i n e s more than another. I t 
3+ 4+ . i s possible t h a t a t Gd s i t e s , which have a T i i o n i n the 
nearest neighbour s h e l l , the change i n the c r y s t a l f i e l d i s 
s u f f i c i e n t to change the eigenfunctions of the l e v e l s involved 
i n the low f i e l d t r a n s i t i o n s and hence the t r a n s i t i o n p r o b a b i l i t y 
between them. Changes of t h i s type would normally be accompanied 
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by changes i n the energies of the l e v e l s concerned and 
consequently i n the resonance f i e l d values. As t h i s i s not 
observed any changes must be such as t o leave the average 
resonance p o s i t i o n the same. The sp i n ham i l t o n i a n approach 
coupled w i t h the preceding considerations again suggests t h a t 
a two s i t e model i s to be p r e f e r r e d . 
I n t h i s case, i t i s convenient t o consider the g » 5.9 
and g 2 : 4.3 resonances as being produced by Gd^+ ions a t two 
d i f f e r e n t s i t e s . The s t r u c t u r a l evidence described e a r l i e r 
suggests t h a t on c r y s t a l l i s a t i o n w i t h t i t a n i u m present, the 
gadolinium and t i t a n i u m ions may become j o i n t l y i n v o l v e d i n 
complexes i n the c r y s t a l l i s i n g glass. I f t h i s i s so, then the 
zero f i e l d s p l i t t i n g o f the ground s t a t e may be modified by the 
presence of the qu a d r i v a l e n t t i t a n i u m ions as described p r e v i o u s l y . 
4+ 
These changes w i l l depend on the l o c a t i o n of the T i ions w i t h 
respect t o the symmetry a x i s o f the l o c a l e l e c t r o s t a t i c f i e l d a t 
the Gd s i t e . 
Under these c o n d i t i o n s the observed changes i n the resonance 
l i n e i n t e n s i t i e s would seem t o suggest t h a t ( i ) t i t a n i u m i s 
incorporated i n t o one s i t e i n preference t o another or ( i i ) the 
4+ 
c r y s t a l f i e l d i s less s e n s i t i v e t o the presence o f T i a t one of 
the s i t e s compared w i t h the other, or f i n a l l y ( i i i ) t h a t the 
3+ 
Gd ions are ej e c t e d from one of the s i t e s as c r y s t a l l i s a t i o n 
develops. I t i s also i n t e r e s t i n g t o consider the o v e r a l l 
r e d u c t i o n found i n gadolinium-containing glasses, i r r e s p e c t i v e of 
t i t a n i u m presence when the glasses are subjected t o the heat 
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treatments causing c r y s t a l l i s a t i o n . E ventually only a broad 
g 2: 2 absorption i s found a f t e r c r y s t a l l i s a t i o n . The development 
of a w e l l - d e f i n e d c r y s t a l l i n e s t r u c t u r e as the glass c r y s t a l l i s e s 
3+ 
w i l l produce an increased i n f l u e n c e on the Gd i o n . U l t i m a t e l y 
the rare e a r t h i o n may be located w i t h i n the c r y s t a l l i n e phase 
or i n the r e s i d u a l glassy phase. E i t h e r process could give r i s e 
3+ 
to the observed spectra as i n both cases the Gd i o n i s expected 
t o be subject to a greater c r y s t a l f i e l d by the_developing _ 
c r y s t a l s . I t i s c l e a r from the discussion and from the r e s u l t s 
of previous workers (3.12) (3.13) (3.14) w i t h various glass 
matrices t h a t the observed spectra are predominately produced 
by the r a r e e a r t h ions. So i t cannot yet be decided whether 
3+ 
the Gd ion w i l l be f i n a l l y l o c a t e d i n the c r y s t a l l i n e or 
r e s i d u a l glassy environment. However, the e l e c t r o n spin 
resonance o f commercial gadolinium oxide powder shows a broad 
g st 2 absorption. This i s t o be associated w i t h the 
p o l y c r y s t a l l i n e s t a t e of the sample but gives a measure o f the 
3+ 
w i d t h of the Gd resonance under these c o n d i t i o n s . The r e s u l t 
3+ 
of c r y s t a l l i s a t i o n o f the glass i s to reduce the Gd resonance 
to a s i m i l a r s t r u c t u r e t o t h a t found w i t h gadolinium oxide. This 
s i m i l a r s t r u c t u r e due t o a high symmetry, low c r y s t a l f i e l d 
3+ 
environment f o r the Gd i o n i n d i c a t e s t h a t a c r y s t a l l i n e 
environment may r e s u l t f o r the gadolinium i o n i n a glass ceramic. 
I t i s d i f f i c u l t t o describe the two s i t e s suggested f o r the 
i 
gadolinium i n d e t a i l , as the parameters D and E used i n the 
c a l c u l a t i o n s cover a broad range of p o s s i b l e c r y s t a l f i e l d 
environments. I t may be t h a t the low c r y s t a l f i e l d s i t e i s 
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produced when gadolinium d i r e c t l y substitutes for a s i l i c o n ion 
whilst the other s i t e i s more l i k e l y to be due to the gadolinium 
located in an i n t e r s t i t i a l position. 
3+ 
The observed change in the Gd spectra as the glass 
matrix changes, shown in Fig. (3.8) can thus be explained by 
either a c r y s t a l f i e l d d i s t o r t i o n or a s i t e occupancy change. 
The l a t t e r i s preferred as no change i n the e f f e c t i v e g values was 
found when the host l a t t i c e changed. From the observation of 
gadolinium i n a b o r o s i l i c a t e glass i t would appear that the 
di r e c t substitution of gadolinium into a symmetric s i t e i s l e s s 
l i k e l y than i n the lithium aluminium s i l i c a t e s . A lternatively the 
reduced v i s c o s i t y at an equivalent temperature of b o r o s i l i c a t e s , 
may favour the production of i n t e r s t i t i a l positions for 
gadolinium ions. 
A comparison of the computed absorption for gadolinium in a 
high c r y s t a l f i e l d environment, with tho observed absorption from 
th i s c r y s t a l f i e l d component for gadolinium i n a b o r o s i l i c a t e glass 
i s given in Fig. (3.14). 
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FIG.3.U(a) Derivative of E.S.R. signal for 1% G d 2 0 3 in a 
Borosilicate glass with a broad g= 2 
component indicated by the broken curve. 
t i 
H K.G. 
(b) Difference of the curves in fig (a) 
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FIG.3.H(c) Numerical integrated form of curve 
shown in fig(b). 
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(d) Computed absorption for Gadolinium 
in crystal field with D=0.06 and 
E = 0.015 
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CHAPTER 4. 
RESULTS AND DISCUSSION (Part 2) 
4.1 Introduction 
• I t i s evident that the r e s u l t s outlined i n Chapter 3 do not 
provide a complete understanding of the role played by the 
gadolinium and titanium in the c r y s t a l l i s a t i o n of the L.A.S. 
glass composition chosen. To c l a r i f y the position an a l t e r n a t i v e 
approach to the e.s.r. monitoring of rare earth ions was considered. 
This second method can be summarised as the observation of 
induced defects produced in the glass matrix by X-ray radiation. 
Additional information could be obtained by t h i s method as 
electron spin resonance signals were known to be associated with 
the defects and the titanium ions, i f the l a t t e r could be 
3+ 
converted to the paramagnetic T i state. Defect production was 
also thought l i k e l y to r e f l e c t the glass matrix s t a b i l i t y and 
hence elucidate the mechanism of nucleation and i n i t i a l c r y s t a l 
growth. Since both gadolinium and titanium were seen e a r l i e r 
to play relevant roles in the c r y s t a l l i s a t i o n process, information 
obtained from the defects should lead to some c l a r i f i c a t i o n of 
the problem. X-ray i r r a d i a t i o n was chosen as t h i s energy i s 
s u f f i c i e n t to produce int e r n a l ionization i n the glass specimens, 
but not to produce ionic displacements which would complicate the 
investigation. 
In addition to the observation of the defects by e.s.r use 
was made of thermoluminescence and opt i c a l phenomena. Luminescence 
- :ioa -
c h a r a c t e r i s t i c s of glasses containing various rare earth ions 
were measured as a preliminary to carrying out the 
thermoluminescence measurements. X-ray luminescence spectra of 
P r 3 + , Sm"*+, Tb^ + and Dy 3 + doped Soda glass are shown in 
Fig. (4.1), and the positions of the emission bands are l i s t e d 
i n Table (4.1) along with the ov e r a l l colour of the luminescence 
aft e r Shulgin et a l . (4.1). U.V. excitation has been reported 
(4.2) (4.3) to produce spectra of the_same form. This i s _ t o be 
expected as a l l the observed peaks are r e l a t e d to electronic 
t r a n s i t i o n s between Stark components of the energy l e v e l s of the 
t r i p o s i t i v e rare earth ions. As can be seen from table (4.1) 
the gadolinium ions gave a single emission band at 313-315 nm. 
The luminescence inten s i t y of t h i s band was found to be an order 
of magnitude greater for the same Gd 0 concentration when the 
base glass was changed from sodium s i l i c a t e to lithium aluminium 
s i l i c a t e . A lower absorption c o e f f i c i e n t i n t h i s wavelength range 
for the L.A.S. glass accounts for t h i s increased intensity. 
Measurements of the tot a l luminescence emission with increasing 
temperature showed that the observed i n t e n s i t y i s appreciable 
to above 650 K. For example f i g . (4.2a) shows the temperature 
3+ 3+ dependence of the Dy (490 nm peak) Tb (553 nm peak) and 
3+ 
Gd (314 nm peak) luminescence i n soda glass. The data for 
3+ 3+ 
Gd and Dy i s replotted in f i g . (4.2b) as a function of 
reciprocal temperature and i t i s evident that, the thermal 
quenching of the luminescence i s given by the r e l a t i o n (4.4) below. 
I ( T ) = I ( I + Cexp(-W/kT)) _ 1 (4-1) o 
where W i s the activation energy of the quenching process. For 
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FIG 4.1 X-RAY LUMINESCENCE SPECTRA OF 
RARE EARTH DOPED SODIUM 
SILICATE GLASS. 
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TABLE 4.1 
Activator Colour Luminescence Peaks (nm) 
P r 3 + White 420-430 530-550 620-645 
Sm 3 + Orange 560 573 604 650 
T b 3 + Blue/Green 382 416 450 490 550 590 
Dy 3 + White 485 490 587 
Gd 3 + 313-315 
- I l l -
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FIG 4.2 TEMPERATURE DEPENDENCE OF 
LUMINESCENCE IN SODIUM SILICATE GLASS 
- 112 -
the case of Dy i n sodium s i l i c a t e glass the data gives 
W = 0.20±0.03 eV, and for Gd 3 + in L.A.S. glasses W = 0.1±0.03 eV. 
The persistence of luminescence emission to the high temperatures 
observed j u s t i f i e s the choice of a rare earth probe as an 
indicator during the thermoluminescence measurements. 
3+ 
The r e s u l t s for Tb do not follow t h i s c l a s s i c a l behaviour 
and no attempt has been made to interpret them. I t i s noted, 
however, that Bieringer and Montgomery (4.5), i n a study-of 
radiation induced absorbance i n rare earth doped s i l i c a also 
observed abnormalities s p e c i f i c to the terbium doped sample. 
This was attributed to the production of dopant-associated 
traps and may be the o r i g i n of the f a i l u r e of equation (4-1)to 
f i t the experimental thermal quenching r e s u l t s of terbium i n 
sodium s i l i c a t e and L.A.S. glasses. 
4.2 Thermoluminescence 
4.2.1 Theory 
Thermoluminescence involves the thermal ac t i v a t i o n of. 
electrons and/or holes from traps and the i r r a d i a t i v e 
recombination. Although energy gaps are normally associated with 
the periodic nature of the c r y s t a l l i n e state i t can be seen from 
the o p t i c a l absorption of glasses that an equivalent gap e x i s t s 
in the glassy state. Recent work (4.6) has attempted to derive 
a theoretical model for band-gaps in amorphous materials but t h i s 
requires material inhomogeneities to e x i s t within the sample. The 
band edges are not well defined in the amorphous state with the 
density of states t a i l i n g into the gap, since t h i s band gap i s 
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forbidden only when there i s perfect order. . Electron transitions 
are considered to occur within t h i s forbidden band. Electrons can 
be raised from the valence band to the conduction band by application 
of s u f f i c i e n t l y high energy radiation. Excited electrons, so 
produced, may either recombine d i r e c t l y with the created holes 
or remain in traps located near the conduction band. A schematic 
diagram of the hole and electron traps i s shown i n Fig. (4.3a). 
As the temperature of the irrad i a t e d sample i s increased and 
s u f f i c i e n t thermal energy i s supplied the trapped electrons 
can be released. By t h e i r recombination with holes these freed 
electrons can produce an optical frequency emission whose intensity 
i s a measure of the trap population whilst the temperature of 
emission gives an indication of the depth of the trap. Electron 
traps can be located at point defects, substitutional defects, 
impurity defects etc., and in general the recombination s i t e may 
be different from the production s i t e due to migration of the 
defect or energy transfer processes. 
In order to e s t a b l i s h an applicable theory for t h i s process 
the number and occupancy of the electron and hole traps must be 
known together with the degree of charge transfer between these 
l e v e l s . Several approximations can be made to f a c i l i t a t e the 
procedure. The U.R.W. formalism due to Urbach (4.7), Randall and 
Wilkins (4.8) i s commonly adopted, in which electron escape from 
trapping centres and subsequent emission of radiation i s assumed 
to be a thermally activated process of f i r s t order. The probability 
per unit time of t h i s process i s 
P = bexp(-E/kT) (4-2) 
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where E i s an acti v a t i o n energy and b i s the so-called "frequency 
factor" (4.7). I f n ( t ) represents the number of f i l l e d traps at 
time t, then 
-dn/dt = bexp(-E/kT) n (4-3) 
For an i n i t i a l number n Q of traps at a constant temperature T Q 
n(t,T ) = n exp(-P t ) (4-4) o o o 
where P = bexp(-E/kT ) (4-5) o o 
and -dn/dt = P n exp(-P t ) (4-6) 
o o o 
represents the intens i t y of the l i g h t emitted a f t e r a time t. 
An exponential decay i s predicted. 
The integration of equation (4-3) for a l i n e a r increase i n 
temperature, gives the shape of the glow curve. The solution i s 
given by G. B o r i f i g l i o l i (4.9) i n terms of the parameters E andy$ 
as 
/3 E/kT* 2 = exp(-E/kT*). (4-7) 
where the temperature T* corresponds to the maximum of the glow 
peak and /3 represents the speed of warming. An exponential 
increase i n the emission i s caused by the thermal depopulation 
of the defects and ceases when the number of electrons i n the 
traps becomes small, the l i g h t output f a l l i n g to zero when the 
traps are empty. The above cal c u l a t i o n assumes only one electron 
trap and one hole trap, but there i s no a p r i o r i reason why the 
number of holes and traps should be equal or limited to one, 
p a r t i c u l a r l y i n the glassy state. 
/ 
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Yokota (4.10) used thermoluminescence i n the investigation 
of fused quartz and l a t e r Kikuchi (4.11) noted that the broad low 
temperature glow peak i n fused quartz and other glasses was not 
found i n c r y s t a l l i n e quartz. This broad peak followed the 
temperature of i r r a d i a t i o n to the lowest temperatures avai l a b l e 
and led him to suggest that t h i s band of the glow curve i s due to 
many shallow electron traps whose l e v e l s are distributed over a 
wide range. 
The rate of decay of luminescence aft e r the incident 
radiation i s removed has been found not to resemble that of a 
bimolecular process. Several attempts have been made to obtain a 
theoretical f i t to the experimental decay curves. Kikuchi (4.11) 
proceded as follows: 
Let £ represent the depth of a trapping l e v e l from the 
bottom of the conduction band and the density of electron occupied 
trapping l e v e l s from £- to £ + «/fi immediately a f t e r the removal 
of the X-ray i r r a d i a t i o n be z( «. )dc . Then the intens i t y of the 
luminescence I ( t ) , t sees, a f t e r the i r r a d i a t i o n ceases i s given 
by (4-10). 
roo 
I ( t ) = I Cb exp(-bt exp(- € /kT) z( t)d£ (4-8) 
J o 
where b i s a frequency factor, k i s Boltzmann's constant, T i s 
the absolute temperature and C i s a constant.. 
i 
I i we assume that the trapped electron d i s t r i b u t i o n to be 
uniform from l e v e l s E to E as shown i n Fig. (4.3b) 
- 1.17 -
i . e . 0 < £ < E , z ( £ ) = 0 s 
E ^ £ 4 E . , z ( e ) = A 
d, zvc , = A r ( 4 _ g ) 
E d < fc z (e ) = 0 
where E^ and E^ are the most shallow and the deepest trapping 
l e v e l s occupied by the electrons respectively at t =0, then 
substitution of (4-9) i n (4-8) gives 
f E 
I ( t ) = J A.Cb exp(- £ /kT)exp(-bt exp(- 6 /kT))dV (4-10) 
•'E 
I exp(-bx t ) (1- exp(-b(x - x j t ) ) (4-11) o d s d 
b(x - x ) t 
s d 
where x = exp (-E /kT): = exp (-E_,/kT): s s d d 
and I i s the luminescence intensity at t = 0 o 
Since x vv x o J (4-11) becomes s d 
I ( t ) = I o 1 - exp(-bx st) ( 4 _ 1 2 ) 
bx t s 
An estimation of the trap depth can be made by finding a best f i t 
for E and T, i f b i s fixed. However, the agreement of equation s 
(4-12) with the experimental decay curves at various temperatures i s 
not very good. The discrepancy i s no doubt caused by the assumption 
of only one type of s i t e i n the glass and i t may be necessary to 
assume a non-uniform electron d i s t r i b u t i o n over many traps. This 
i 
would probably be the case i n our systems as.the perturbation of 
l o c a l short range structure i n glass makes the existence of a s e r i e s 
- :I:LB -
of d i s c r e t e traps with a r e l a t i v e l y narrow range of energies possible. 
I f t h i s i s to be the s t a r t i n g point for the analysis, the algebraic 
computations become rapidly more complex as the number of 
dif f e r e n t s i t e s increases and has prohibited the formation of 
a more relevant theoretical f i t . 
Even the estimate of the trap depth, from a glow curve i n 
c r y s t a l s , i s far from straight-forward. This can be seen i n a 
recent review of methods for determining trap depths from glow 
curves by Shalgaonkar and Narlikar (4.12). In t h i s review more 
than a dozen alt e r n a t i v e methods were considered. Due to the 
d i f f i c u l t y i n applying several methods to one specimen no 
estimate of the range of possible trap depths for a single peak 
was given. This degree of f l e x i b i l i t y of interpretation, 
coupled with the broad nature of the glow peaks j u s t i f i e s the 
use of an approximate equation i n the case of glasses. . 
Equation (4-3) representing the rate of change of f i l l e d 
traps-in the U.R.W. formalism i s 
-dn/dt = b exp(-E/kT) n (4-3) 
Now for a heating rate the solution of (4-3) becomes 
J T 
n ( I n n) exp(-E/kT)dT n (4-13) 
o 
n = n. exp((- exp(-E/kT)d.T) (4-14) 
T o 
The in t e n s i t y , I , of the thermoluminescence peak i s given by 
I = rC dn/dt 
= Cbn exp (-E/kT) (4-15) 
where C i s a proportionality constant. 
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Substituting from (4-14) leads to 
: - * > J 
T 
I = Cbn exp(-E/kT) exp((- 7fa ) I exp(-E/kT))dt (4-16) 
The position of maximum intensity can now readily be obtained by 
di f f e r e n t i a t i n g equation (4-16) with respect to T and equating to 
zero. This gives 
IT exp(-E/kT)dT)) 
T 
WS f T 2 < 4 _ 1 7 ) + exp((- yfi ) I exp(-E/kT)dT)Cn bE/kT exp(-E/kT) = 0 
J x ° 
After cancellation t h i s equation i s s i m p l i f i e d to 
E/kT 2 = % exp(-E/kT ) (4-18) m r r m 
Upon rewriting t h i s becomes 
E = kT l n ( b k T 2 } m J m / (4-19) 
This equation can be solved numerically to find the trap depth E 
from a knowledge of the peak temperature and an estimate of b, 
the escape frequency factor. However, for the case of glasses i t i s 
i 
reasonable to apply an approximation to allow dir e c t solution of 
(4-19). To f i r s t order E = kT which upon substitution i n the 
m 
logari.thmic term of .(4-19) y i e l d s 
E = kT InfbT *) (4-20) 
. m 13 
4.2.2. Results 
Thermoluminescence measurements were made on the various 
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g l a s s e s a f t e r X-ray i r r a d i a t i o n i n an attempt to understand.the 
nature of the d e f e c t s formed. F a l s e peaks appeared o c c a s i o n a l l y 
j u s t above the temperature of i r r a d i a t i o n which were assumed to be 
due to thermal a n n e a l i n g of lower peaks w h i l s t the sample was 
i r r a d i a t e d . T h i s could be overcome f o r a l l the peaks, by 
o b s e r v a t i o n a f t e r i r r a d i a t i o n a t a lower temperature, except 
f o r peaks near 77 K, which was the lowest temperature o b t a i n a b l e . 
Glow c u r v e s obtained f o r N.S. and L.A.S. g l a s s e s were found 
to be e s s e n t i a l l y the same f o r any r a r e e a r t h a c t i v a t o r and 
moreover s i m i l a r to one another. F u r t h e r s i m i l a r i t i e s can be 
found between the L.A.S. and N.S. glow curves on the one hand 
and those of quartz and fused s i l i c a (4.13) on the o t h e r ( s e e 
t a b l e ( 4 . 2 ) ) . E s p e c i a l l y good agreement i s found f o r the p o s i t i o n 
of the main peak a t 165 K. However, a more d e t a i l e d o b s e r v a t i o n 
of the L.A.S. g l a s s d i d re v e a l , some d i f f e r e n c e s i n the glow c u r v e s . 
i 
The base L.A.S. g l a s s gave t h r e e d i s t i n c t thermoluminescence 
peaks when warmed a f t e r i r r a d i a t i o n a t temperatures from 77 K to 
300 K. These peaks occurred a t 150 K, 260 K and 433 K. A d d i t i o n 
of 1% Gd 0 to the base g l a s s produced peaks a t 170 K, 310 K and 2 3 , 
455 K. 
The depth o f - t h e t r a p s £ , e s t i m a t e d by the approximate 
equation "(4-20) 
• E = kT InbT m m 
A <;> . 
a r e given i n Table (4.2) 
TABLE 4.2 
SAMPLE P o s i t i o n of Thermoluminescence Peaks (°K) 
1022 160 - 270 - 430' _ 
1058 - 170 - 320 - 450 
N.S. + 8.16 wt % Tb 175 205 - - 405 475 530 
O.C. 165 - 260 350 -' _ 
C.H. 165 - 260 350 - 500 600 
S.C. 190 210 * 260 350 - 500 600 
E q u i v a l e n t Trap Depths For Above Peaks ( e . v . ) 
1022 0.36 - 0.60 - 0.96 -
1058 - 0.42 0.71 - 1.00 
N.S. + 8.16 wt %Tb 0.39 0.46 • - - p.90 1.01 1.12 
O.C. 0.37 - 0.58 0.78 - - - -
C.H. 0.37 - 0.58 0.78 - 1.11 1.33 
S.C.' 0.42 0.47 0.58 0.78 - - 1.11 1.33 
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For low temperature i r r a d i a t i o n of the L.A.S. g l a s s e s , the most 
i n t e n s e peak i s a t 160 - 170 K w h i l e the i n t e n s i t y of peaks 
above 300 K i s very s m a l l . I n c o n t r a s t the specimens i r r a d i a t e d 
a t room temperature show an i n t e n s e thermoluminescence a t high 
temperatures. I t would appear from these r e s u l t s t h a t the 
s h a l l o w t r a p s i n v o l v e d i n the thermoluminescence have a bigger 
c r o s s s e c t i o n than the deeper t r a p s and i n consequence a r e f i l l e d 
f i r s t during i r r a d i a t i o n . F u r t h e r i t i s e v i d e n t t h a t t h e r e i s 
l i t t l e energy t r a n s f e r between one type of t r a p and another. 
A d d i t i o n of t i t a n i u m d i o x i d e to the g l a s s quenched the 
thermoluminescence c o n s i d e r a b l y and only i f l e s s than 0.5% TiO 
was added could a measurable s i g n a l be obtained. However, f o r 
0.1% TiO^, peaks o c c u r r e d a t 150 K and 260 K as i n the base g l a s s , 
but above room temperature t h e r e was evidence of peaks a t 415 K 
and 475 K compared to the 433 K base g l a s s peak. 
When both 0.1% TiO and 1% Gd 0 a r e p r e s e n t the s i g n a l i s 
s t i l l f u r t h e r quenched w i t h peaks a t 150 K and 260 K, although 
the double s t r u c t u r e i n the high temperature peak of L.A.S. 1023 
becomes s i n g l e and was found to be a t 460 K a g a i n . These r e s u l t s 
a r e summarised i n F i g . ( 4 . 4 ) . 
I n order to i n v e s t i g a t e the dependence, i f . a n y , of the glow 
curves on the L.A.S. g l a s s c o n s t i t u e n t s , v a r i o u s base g l a s s e s 
were made. Table • (&./ ) g i v e s a l i s t of a l l the g l a s s e s prepared. 
I n i t i a l l y thermoluminescence was only observed a f t e r i r r a d i a t i o n 
a t room temperature. I t was found convenient to keep one of the 
c o n s t i t u e n t s c o n s t a n t w h i l s t c o n s i d e r i n g the r e s u l t s obtained 
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w i t h v a r i o u s base g l a s s e s . The p o s i t i o n of the glow peak above 
room temperature was found to be almost independent Of the base L.A.S. 
g l a s s composition w h i l s t the i n t e n s i t y was found to depend upon 
the v a r i o u s component c o n c e n t r a t i o n s . For the g l a s s e s w i t h 
20% L i 2 0 the glow peak i n t e n s i t y i n c r e a s e d e x p o n e n t i a l l y w i t h 
Al^Og c o n c e n t r a t i o n as shown i n F i g . ( 4 . 5 ) . The l e s s s y s t e m a t i c 
r e s u l t s found f o r constant v a l u e s of A l 0 and SiO c o n c e n t r a t i o n 
are summarised i n F i g . ( 4 . 6 ) ( a - d ) . The g e n e r a l trend appears to be 
an i n c r e a s e i n glow peak i n t e n s i t y w i t h an i n c r e a s e i n the r e l a t i v e 
amount of Al^O^ p r e s e n t . Observation of the thermoluminescence 
peaks a t 150 K a f t e r i r r a d i a t i o n a t .100 K g i v e s a r e v e r s a l of t h i s 
trend i . e . the peak i n t e n s i t y a t 150 K i n c r e a s e s w i t h i n c r e a s e i n 
l i t h i u m c o n c e n t r a t i o n . T h i s suggests the a s s o c i a t i o n of the 433 K 
L.A.S. glow peak w i t h aluminium and the 150 K peak w i t h l i t h i u m . 
The mechanism i n v o l v e d i n thermoluminescence i n v o l v e s both the 
removal of an e l e c t r o n from a t r a p and a recombination p r o c e s s . The 
glow peak temperature has been shown to be a f u n c t i o n of the t r a p 
depth but the i n t e n s i t y i s a l s o dependent on the recombination r a t e . 
One method of i n v e s t i g a t i n g the recombination i s through the glow 
peak i n t e n s i t y but the s p e c t r a l r e s o l u t i o n of the glow peaks may 
sometimes r e s o l v e a double stage i n the recombination p r o c e s s . 
With t h i s i n mind the s p e c t r a l d i s t r i b u t i o n of the L.A.S. 1022 
thermoluminescence peaks was found a f t e r i r r a d i a t i o n a t 77 K by the use 
of a s e r i e s o f o p t i c a l f i l t e r s . O p t i c a l a b s o r p t i o n c h a r a c t e r i s t i c s 
of the f i l t e r s used a r e shown i n F i g . ( 4 . 7 ) . The low i n t e n s i t y of 
the emitted l i g h t prevented the s p e c t r a l r e s o l u t i o n being obtained w i t h 
a spectrometer. 
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The peak i n t e n s i t i e s a f t e r c o r r e c t i o n f o r the photo m u l t i p l i e r 
s p e c t r a l s e n s i t i v i t y l e d to the graphs i n F i g . ( 4 . 8 ) . I t can be 
seen t h a t the lower temperature peak has a more complex s t r u c t u r e 
than the s i m i l a r 260 K and 433 K peaks. These l a t t e r peaks 
have a s i n g l e broad component i n the 6,000 A r e g i o n of the 
spectrum w h i l s t the 150 K peak appears.to have an a d d i t i o n a l 
u l t r a - v i o l e t component. 
These curves can be compared w i t h the X-ray f l u o r e s c e n c e 
i n t e n s i t i e s of sample 1022 a t 77 K and room temperature given 
i n F i g . ( 4 . 9 ) ( 4 . 1 0 ) r e s p e c t i v e l y . The s a t u r a t e d X-ray 
f l u o r e s c e n c e c u r ves f o r sample 1022 u s i n g no f i l t e r ( 1 ) , a 
u-v f i l t e r ( 2 ) and an orange f i l t e r ( 3 ) a r e shown i n F i g . ( 4 . 1 1 ) . 
From the above i t i s e v i d e n t t h a t the t r a p p o p u l a t i o n s i n v o l v e d 
i n the recombination p r o c e s s a r e a l t e r e d a p p r e c i a b l y as the 
temperature v a r i e s . 
I n an attempt to c o r r e l a t e the e f f e c t of a d d i t i v e s to the 
base g l a s s the decay of the X-ray induced luminescence a t 77 K 
i 
was observed. The r e s u l t s f o r L.A.S. a r e shown i n F i g . (4.12) 
and the e f f e c t of adding Gd 0 and TiO i s shown i n F i g . ( 4 . 1 3 ) . 
I n c o r p o r a t i o n of TiO i s seen to reduce the long time component and 
t h i s can not be accounted f o r by a simple r e - a b s o r p t i o n by the 
t i t a n i u m ion as t i t a n i u m has been shown to produce a b s o r p t i o n i n 
the u l t r a - v i o l e t r e g i o n . F i g . (4.12) shows t h a t a b s o r p t i o n 
nearer 6,000 A would be more a p p r o p r i a t e to produce the observed 
long time component r e d u c t i o n . 
I t i s a l s o important to note t h a t the luminescence e f f i c i e n c y 
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w i t h X-ray e x c i t a t i o n showed a marked increase w i t h r e d u c t i o n o f 
temperature from room temperature t o 77 K i n a l l the L.A.S. glasses 
except those w i t h an A l / L i r a t i o g r e a t e r than one. I n t h i s case 
l i t t l e or no increased e f f i c i e n c y w i t h r e d u c t i o n o f temperature 
was found. These f a c t s r e v e a l i n f o r m a t i o n r e l e v a n t t o the 
c o n s t r u c t i o n o f a model f o r the d e f e c t s , which i s necessary i f 
luminescence i s t o prove a u s e f u l method of studying the 
environment of a d d i t i v e s i n the glass. 
D i f f i c u l t y was found.when an attempt was made t o measure the 
thermoluminescence o f the glasses a f t e r heat treatment because 
e i t h e r the specimens f r a c t u r e d or T i 0 o had t o be inc o r p o r a t e d 
to enhance n u c l e a t i o n , w i t h the r e s u l t i n g quenching o f the glow 
peak. However, measurements were obtained f o r low concentrations ' 
of TiO w i t h and w i t h o u t Gd 0 . Observation o f the glow curves o f 
powdered specimens was not p o s s i b l e w i t h the equipment used. For 
sample L.A.S. 1022 no change was observed a f t e r h e a t i n g t o 800°C 
f o r one hour although a marked amount o f c r y s t a l l i s a t i o n was 
observed both v i s i b l y and by X-ray d i f f r a c t i o n . Room temperature 
i r r a d i a t i o n o f L.A.S. 1057 ( 0 . 1 % T i 0 2 and 1 % GdgOg) a f t e r h e a t i n g 
to 800°C f o r one hour produced a marked increase i n the glow peak 
i n t e n s i t y a t 480 K. This may be associated w i t h the r e d u c t i o n i n 
the quenching a b i l i t y o f the t i t a n i u m , caused by changes i n the 
t i t a n i u m environment d u r i n g c r y s t a l l i s a t i o n . 
4.2.3 Discussion 
The a d d i t i o n o f Gd 0 to L.A.S. 1022 produced an increase i n the 
three base glass thermoluminescence peaks observed. However, the 
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s i m i l a r r e l a t i v e magnitudes and not g r e a t l y d i f f e r e n t temperatures 
of the peaks, suggest t h a t the gadolinium i s not d i r e c t l y 
associated w i t h the defects. This conclusion i s also supported by 
the observations on N.S. glass. I t must be s t a t e d t h a t the 
temperature of a l l the glow peaks i n the L.A.S. glasses were 
s l i g h t l y increased, when gadolinium was present, i n d i c a t i n g 
t h a t the e l e c t r o n t r a p s had become more s t a b l e . 
One of the most i n t e r e s t i n g f e a t u r e s of the glow curve 
i 
r e s u l t s was the quenching found whenever t i t a n i u m was present. 
I t i s w e l l known t h a t t r a n s i t i o n ions can give, r i s e t o » 
thermoluminescence quenching due t o the existence w i t h i n these 
ions o f energy l e v e l s which a l l o w n o n - r a d i a t i v e decay processes 
to occur. Although expected, the quenching e f f i c i e n c y o f the 
t i t a n i u m was remarkably high and was thought t o be due i n p a r t 
to a process other than the existence o f n o n - r a d i a t i v e energy 
losses. Observation o f the glow curves when t i t a n i u m was present, which 
was p o s s i b l e i f less than 0.5% T i 0 2 was' present, showed t h a t the 
two low temperature peaks were unchanged i n p o s i t i o n but t h a t the 
higher temperature peak was resolved i n t o two components. An 
e x p l a n a t i o n o f t h i s i s suggested as the existence of two l o c a t i o n s 
f o r the t i t a n i u m i o n w . r . t . the base glass d e f e c t which produces 
the h i g h temperature peaks. 
I t i s nqted t h a t s i m i l a r thermoluminescence peaks occur i n 
various glasses i . e . sodium s i l i c a t e and b o r o s i l i c a t e glasses 
observed and from fused s i l i c a r e p o r ted i n the l i t e r a t u r e . Hence as 
suggested elsewhere (4.14) the defects have been associated w i t h 
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Si-G bonds and non-bridging oxygen ions. The a s s o c i a t i o n w i t h 
L i and A l ions would thus appear t o be i n d i r e c t . A model may be 
proposed i n which L i and A l are i n the second c o - o r d i n a t i o n 
sphere of the basic s i l i c o n defect producing i o n . As the basic 
defects appear t o be common t o s i l i c a t e glasses a Ti-O-Si scheme 
i s suggested f o r the t i t a n i u m l o c a t i o n . The two d i f f e r e n t s i t e s 
r e q u i r e d may be o f the form 
'0 
I 
•-Ti 0 
1 
0 
L i 
2. 0 0 
0 » S i 0 T i 0 
analogous t o the base glass defects suggested by Sidorov and 
T y u l ' k i n (4.15) f o r two component s i l i c a t e glass. 
I t can be seen t h a t when both gadolinium and t i t a n i u m are 
present the two low temperature peaks are unchanged. The 
s t a b i l i z i n g e f f e c t found when only gadolinium was present i s 
counteracted by the presence of t i t a n i u m . This gives an 
i n d i c a t i o n of a p o s s i b l e i n t e r a c t i o n between these two ions. When 
both ions are present a new hi g h temperature glow peak occurs w i t h 
maximum i n t e n s i t y a t 460 K which resembles n e i t h e r base glass nor 
base glass w i t h e i t h e r i o n added separately. A p o s s i b l e 
explanation i s again the a s s o c i a t i o n o f the gadolinium and t i t a n i u m 
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ions which removes the e f f e c t o f Gd on the low temperature peaks. 
Also i f t h i s complex i s located near the base glass defect g i v i n g 
r i s e to the high temperature glow curve, a d i s t o r t i o n o f the 
environment could account f o r t h i s new peak a t 460 K. I t i s 
suggested t h a t a l l the high temperature peaks are associated w i t h a 
s i m i l a r basic d e f e c t v a r i o u s l y d i s t o r t e d by the p r o x i m i t y o f 
gadolinium or t i t a n i u m ions or of both these ions i n the form 
of a l o c a l Gd - T i complex. 
In an attempt t o c l a r i f y the nature o f the basic defects 
produced i n the L.A.S. glasses, glow curves were obtained from a 
v a r i e t y o f compositions i n t h i s system. As already o u t l i n e d i n 
i 
s e c t i o n 4.2.2 there i s a c o r r e l a t i o n of the h i g h temperature peak 
w i t h the aluminium c o n c e n t r a t i o n and o f the low temperature peak 
w i t h the l i t h i u m content. I t i s thus p o s s i b l e to associate the 
3+ 3+ 3+ h i g h temperature peak w i t h a p o s i t i v e i o n A l , T i , or Gd 
s u b s t i t u t e d f o r s i l i c o n i n a basic t e t r a h e d r a l c o - o r d i n a t i o n . 
The rare e a r t h i o n i n p a r t i c u l a r i s l i k e l y t o d i s t o r t the l o c a l 
environment considerably, as i s evident i n the previous discussion 
i n Chapter 3. However, the e f f e c t on the nearest s i l i c o n atom, 
which i s most l i k e l y t o be the seat of the basic defect should be 
s i m i l a r f o r these three ions. The small s i z e and r e s u l t i n g high 
f i e l d g r adients i n the proximity, of the l i t h i u m ions can be 
responsible f o r the much lower energies i n v o l v e d i n the low 
temperature t r a p s . 
Observation of the luminescence w i t h continuous X-ray 
i r r a d i a t i o n showed t h a t reducing the temperature of the specimen 
from 300 K to 77K produced a marked increase i n the luminescence 
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e f f i c i e n c y i n a l l glasses except those i n which the A l / L i r a t i o 
exceeded 1. I n t h i s case very l i t t l e or no increase i n e f f i c i e n c y 
was found as the temperature was lowered. An exp l a n a t i o n o f t h i s 
i s suggested l a t e r i n terms o f an. exchange between two hole t r a p s 
t h a t are thought t o be responsible f o r the v i s i b l e emission. 
The s p e c i a l d i s t r i b u t i o n o f the thermoluminescence peaks 
f o r L.A.S. 1022 show t h a t the hi g h temperature peaks have one 
component compared w i t h the more complex low temperature 
emission. A s i m i l a r change i n s p e c t r a l emission was observed 
i n the X-ray fluorescence i n t e n s i t y o f L.A.S, glasses when cooled 
from 300 K t o 77 K. From t h i s i t can be concluded t h a t e l e c t r o n s 
thermally released from t r a p s d u r i n g thermoluminescence are 
l i b e r a t e d i n t o a .'conduction band*. The e l e c t r o n s are then f r e e 
to undertake s i m i l a r recombination processes i n the glow and i n 
the X-ray fluorescence experiments. This i s evident from 
F i g . (4.2) which shows the saturated X-ray fluorescence i n t e n s i t y 
v a r i a t i o n w i t h temperature. I t thus becomes necessary to consider 
the hole t r a p s w i t h which the e l e c t r o n s recombine t o e s t a b l i s h 
the nature o f t h i s dual emission process. The simplest way t o 
e x p l a i n the observed phenomenon i s to have two hole t r a p s which 
are placed above the valence band as shown i n F i g . (4.14). I t 
can be considered t h a t d u r i n g the e x c i t a t i o n p e r i o d many e l e c t r o n s 
are removed from regions close t o the valence band to produce these 
holes. During,the e x c i t a t i o n i t i s also l i k e l y t h a t many e l e c t r o n s 
w i l l be removed t o the conduction band and then h e l d i n t r a p s below 
t h i s band. So a s i t u a t i o n w i l l e x i s t i n which e l e c t r o n s are i n 
e x c i t e d s t a t e s and holes e x i s t i n the valence band and i n the two 
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tr a p s A and B. The recombination can then be considered t o take 
place by the t r a n s i t i o n i n d i c a t e d i n F i g . (4.14). From the 
r e s u l t s i t would appear t h a t t r a n s i t i o n o f the e l e c t r o n s from A 
and B t o the valence band corresponds to the 4,000 A (3.1 ev) and 
6,000 A (2.1 ev) emissions r e s p e c t i v e l y . The valence to conduction 
band gap can be estimated from the o p t i c a l a b s o r p t i o n cut o f f f o r 
fused s i l i c a which i s known t o be 8.1 ev. I f t h i s i s c o r r e c t 
then a t r a n s i t i o n from the conduction band t o the A and B traps 
should be observable. However, t h i s t r a n s i t i o n would have an 
energy i n the r e g i o n o f 5 - 6 ev which i s ou t s i d e the range o f 
the p h o t o m u l t i p l i e r used. 
Consideration must now be given to the change i n the 
s p e c t r a l emission w i t h temperature. I n F i g . (4.15) a 
c o n f i g u r a t i o n a l diagram i s suggested f o r the hole traps A and B. 
At temperatures! a t which the thermal energy exceeds A € , e l e c t r o n s 
e n t e r i n g t r a p A w i l l have a f i n i t e p r o b a b i l i t y o f t r a n s f e r t o s i t e 
B. Hence the 4,000 A emission w i l l be e f f e c t i v e l y quenched above 
t h i s temperature. As the temperature i s reduced below t h i s value 
the quenching i s removed and the 4,000 A emission observed. I n 
order f o r the t r a n s f e r process to be e f f i c i e n t , as i s found i n 
glasses, the defects-A and B should be i n reasonably close p r o x i m i t y . 
I f the luminescence decay from sample L.A.S. 1022 a f t e r 
i r r a d i a t i o n a t 100 K i s observed through various f i l t e r s , the 
form of the decay i s seen (see F i g . 4.12) t o change; the short 
component being reduced as the wavelength o f the f i l t e r increases. 
The short p e r i o d decay component i s i n the u l t r a v i o l e t r egion and 
the l a r g e r component i s i n the r e g i o n of 6,000 A. Two d i f f e r e n t 
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time constants would be expected i f the model proposed above 
i s c o r r e c t , w i t h A having the long time component w . r . t . B. 
Titanium a d d i t i o n t o the glass i s also found t o e f f e c t t h i s 
decay as i s shown i n F i g . (4.13) and can be understood by 
c o n s i d e r i n g the t i t a n i u m as a simple f i l t e r . A b s o r p t i o n 
produced by various concentrations o f t i t a n i u m i n the base glass 
i s shown i n F i g . (4.16). I t can be seen t h a t w i t h i n c r e a s i n g TiO 
content the absorption progresses from the U.V. i n t o the v i s i b l e 
r e g i o n . I t can also be seen t h a t an o p t i c a l f i l t e r w i t h t h i s 
a b s o r p t i o n can produce the changes observed i n the decay when 
t i t a n i u m i s present. So i t would appear t h a t a t l e a s t p a r t o f 
the T.L. quenching by the i n c o r p o r a t i o n o f TiO^ i s due t o a simple 
r e - a b s o r p t i o n process f o l l o w e d by n o n - r a d i a t i v e t r a n s f e r . However, 
the 6,000 A component can not be reduced by t h i s mechanism and an 
a l t e r n a t i v e suggestion must be made. 
Most of the models p r e v i o u s l y suggested f o r the d e f e c t centres 
place the hole on the non-bridging oxygen i o n w h i l s t the e l e c t r o n 
i s associated w i t h a s i l i c o n i o n . Non-bridging oxygen ions are 
produced, i n a s i l i c a m a t r i x by the i n c l u s i o n o f monovalent i o n s . 
The presence o f t r i p o s i t i v e ions i n the glass r e s u l t s i n the 
r e d u c t i o n of the number o f non-bridging oxygens produced by the 
monovalent ions, by a l l o w i n g l o c a l charge compensation. 
So i t i s reasonable t o assume t h a t the presence o f t i t a n i u m 
can reduce the number o f non-bridging oxygens and hence reduce the 
o v e r a l l number o f A and B s i t e s . This could also e x p l a i n the r e s u l t s 
found f o r the various base glasses w i t h excess aluminium. The number 
i 
of A and B s i t e s would then be reduced when the aluminium'ions 
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are not l o c a l l y charge compensated by l i t h i u m ions. Models f o r 
the A and B s i t e s developed by J.W.H. Schreurs (4.15) are as 
shown below: 
(x) Mc+ (X) I V 
® • 
\ / 
\ 
F;9 V.7 
The increased thermoluminescence of the L.A.S. 1057 and 
L.A.S. 1023 glasses a f t e r heat treatment i n d i c a t e s a r e d u c t i o n i n 
the quenching a c t i o n of the t i t a n i u m . T his could be due t o the 
development o f c r y s t a l l i n e regions i n which the t i t a n i u m i s absent. 
The r e s u l t s obtained by observing defects have not shown the 
existence of more than one s i t e f o r the gadolinium i o n . The i n d i r e c t 
a s s o c i a t i o n o f the defect centres w i t h the gadolinium i o n p r o h i b i t e d 
the c l a r i f i c a t i o n o f t h i s problem. Evidence d i d suggest t h a t a 
Gd-Ti complex may be responsible f o r c e r t a i n r e s u l t s , and t h a t t h i s 
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a s s o c i a t i o n i s l i k e l y t o be near the defect which i s r e l a t e d 
t o the aluminium i o n . 
4.3 X-ray Induced E l e c t r o n Spin Resonance 
4.3.1. Results 
E l e c t r o n spin resonance observations were c a r r i e d out on a l l 
the specimens and as s t a t e d e a r l i e r only those c o n t a i n i n g 
gadolinium showed a resonance before- i r r a d i a t i o n . This i s taken 
as evidence of the lack o f t i t a n i u m i n the paramagnetic T i ^ + s t a t e 
and also of the absence o f any other paramagnetic i m p u r i t i e s . 
A f t e r i r r a d i a t i o n the base L.A.S. glass gave a d i s t i n c t 
resonance which could be resolved i n t o a component w i t h an 
e f f e c t i v e g value of 2.004 and one w i t h g a: 2.01; h e r e a f t e r 
r e f e r r e d t o as the «t and fl components r e s p e c t i v e l y . These 
l i n e s corresponded t o the appearance o f a dark brown c o l o u r a t i o n 
i n the samples which are discussed i n the next s e c t i o n . 
The cc and /S components of the e.s.r. were observed i n 
a l l the L.A.S. glasses a f t e r i r r a d i a t i o n except those 
c o n t a i n i n g gadolinium where ,the absorption produced by the 
presence of the r a r e e a r t h i o n e f f e c t i v e l y masked observation 
o f these induced d e f e c t resonances. A f t e r c r y s t a l l i s a t i o n 
o f the samples fo l l o w e d by i r r a d i a t i o n there was no appreciable 
change i n these base glass resonances i n d i c a t i n g t h a t e i t h e r the 
defects are produced w i t h i n w e l l ordered domains i n the glass and 
hence do not change on c r y s t a l l i s a t i o n , or t h a t the defects are i n 
the glassy s t a t e which i s not completely removed by the 
c r y s t a l l i s a t i o n procedure. As s i m i l a r resonance absor p t i o n has 
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been a t t r i b u t e d to the o r i e n t a t i o n o f i o n i c s i t e s found i n 
c r y s t a l l i n e quartz (4.17) and since no d i m i n u t i o n o f the e.s.r. 
i n t e n s i t y was n o t i c e d , the former hypothesis appears most l i k e l y . 
I n c o r p o r a t i o n of t i t a n i u m i n t o the L.A.S. base glass, followed 
by i r r a d i a t i o n , produced an a d d i t i o n a l resonance l i n e w i t h 
g 3: 1.94. This resonance increased r a p i d l y w i t h the i n i t i a l 
a d d i t i o n of TiC>2 but above 1.0% the i n t e n s i t y o f the g «: 1.94 
to the oc and /3 component absor p t i o n remained constant. There 
increased i n w i d t h as the con c e n t r a t i o n of t h i s i o n increased. 
However, a f t e r c r y s t a l l i s a t i o n t h i s resonance i n the glass w i t h 
0.1% TiO was removed, w h i l s t i n the 5.0% TiO c o n t a i n i n g glass 
there was no change. 
C r y s t a l l i s a t i o n of glasses c o n t a i n i n g gadolinium and t i t a n i u m 
l e d t o a r e d u c t i o n i n the Gd^+ a b s o r p t i o n i n t e n s i t y and allowed 
observation o f the base glass i r r a d i a t i o n defect and the t i t a n i u m 
associated l i n e . 
These r e s u l t s are summarised i n F i g . (4.18) 
4.3.2. Discussion 
I t has been shown (4.15) t h a t i n a bi n a r y l i t h i u m or sodium 
s i l i c a t e glass the X-ray induced *£ aVid /3 components i n the 
e.s.r. absorption can be a t t r i b u t e d t o the formation of hole 
t r a p s on non-bridging oxygen ions. This has been confirmed by i 
Mackey e t a l . (4.18). The s i m i l a r i t y o f the resonances found 
here f o r l i t h i u m alumina s i l i c a glasses suggests t h a t the same holes 
was a s l i g h t i n d i c a t i o n t h a t the t i t a n i u m 1.94) ted l i n e ( associa g 
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on non-bridging oxygen ions are responsible f o r the observed 
e f f e c t s . Again the two models o f Fig . (4.17) may be used to 
ex p l a i n the existence o f two d i f f e r e n t hole t r a p s on non-
b r i d g i n g oxygens ions. The remarkable i n s e n s i t i v i t y o f the 
» 
resonance t o c r y s t a l l i s a t i o n may be due i n p a r t t o the broad nature 
and lack o f r e s o l u t i o n o f the absorp t i o n i n t h i s r e g i o n . 
3+ 
The increase o f the T i resonance f o r i n i t i a l a d d i t i o n s 
of t i t a n i u m and then a constant r a t i o f o r the g Jfc 1.94 t o the 
base glass defects f o r t i t a n i u m concentrations above 1.0%, can 
be explained by the f a c t t h a t f o r every e l e c t r o n trapped by a 
t i t a n i u m i o n an equ i v a l e n t hole must be formed. This hole i s most 
l i k e l y t o be associated w i t h a non-bridging oxygen i o n . I n i t i a l l y 
l i t h i u m ions w i l l compete f o r the e l e c t r o n s but above a small 
4+ 
f r a c t i o n o f t i t a n i u m the T i i o n predominates due t o i t s greater 
cross s e c t i o n f o r e l e c t r o n capture. 
4.4. O p t i c a l Phenomena 
4.4 . 1 . Results 
A l l the base glasses gave very l i t t l e a bsorption i n the 
v i s i b l e r egion o f the spectrum, however, a broad o p t i c a l 
absorption was found below 3,250 A. The absorption of various 
L.A.S. glass compositions i s shown i n F i g . (4.19) and there i s an 
i n d i c a t i o n o f two separate peaks, one a t 2,150 A and the other 
a t 2.350 A. I t was found t h a t these two absorptions are 
symmetric when the L i 2 0 : A l 2 0 3 r a t i o - i s one i . e . when a l l the 
t r i - p o s i t i v e aluminium ions can be l o c a l l y charge compensated ^ 
by monovalent l i t h i u m ions. When there i s an excess o f A l 0 or 
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of lithium oxide there i s a r e s u l t i n g charge imbalance and the 
opt i c a l absorption below 3,250 A becomes non-symmetric. 
No systematic change was found i n the intensity of the 
2,150 A and 2,350 A absorptions with base glass composition, 
except that for a given percentage of SiO minimum absorption 
always occurred for a Li^/AlgO^ r a t i o of 1.0, as shown i n 
Fig. (4.20).. 
Addition of titanium changes the absorption of L.A.S. glass 
producing an apparent o p t i c a l absorption edge which moves to 
longer wavelengths with increasing TiO^ concentration. This i s 
shown i n Fig. (4.16) whilst i n F i g . (4.21) the wavelength for 
a given absorption (representing the absorption edge) i s plotted 
against the TiO^ concentration and shows an exponential dependence. 
This corresponds to a s l i g h t darkening i n appearance of the glass 
samples. 
Addition of GA^O^ produced no change i n the broad absorption 
i n the u l t r a - v i o l e t region, except for the appearance of the sharp 
absorption l i n e s shown i n Fig. (4.22). When both gadolinium and 
titanium are present the titanium absorption masks any e f f e c t 
of the Gd 20 3 > i 
In the low energy infra-red region, absorption occurs due 
to ionic bond vibrations. The absorption for some L.A.S. glasses 
i n the 2.5 to 40 yu region i s shown i n Fig. (4.23) and was not 
changed appreciably by the addition of TiO , Gd 0 or both. Several 
broad peaks were observed at 8.8, 10.2, 14 and 22 which have 
been attributed to vibration of Si-0 type bonds. After the L.A.S. 
glasses containing titanium plus gadolinium and titanium alone 
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were subjected to heat treatment and became c r y s t a l l i s e d , 
narrowing of the bands and an indication of more structure i n the 
13.5 and 25 yU. peaks was observed. This i s shown in Fig.(4.23). 
In an attempt to correlate the thermoluminescence 
observations, o p t i c a l absorption spectra were taken of samples 
a f t e r they had been subjected to a period of X-ray i r r a d i a t i o n . 
The r e s u l t s for the base L.A.S. 1022 glass and for t h i s base 
glass with 5% TiO"2 are shown i n Fig. (4.24). 
These r e s u l t s were obtained both before (curve 1) and a f t e r 
(curve 2) X-ray i r r a d i a t i o n at 295 K. The difference between the 
two curves i s also shown (curve 3) and represents the absorption 
by the X-ray induced defects. This consists of two absorption 
bands at 2.1 - 2.2 e.V. and 3.1 - 3.2 e.V. for the specimen 
containing no t i t a n i a and of a broad band i n the region of 
1 - 3 e.V. for the specimen with t i t a n i a . There appears also to 
be a s l i g h t o p t i c a l absorption i n the 3,500 A and 6,000 A region 
for 1022 a f t e r extended i r r a d i a t i o n periods. Absorption in the 
3,500 A and 6,000/lregion i s also observed before i r r a d i a t i o n with 
thick samples. The o p t i c a l absorption of the L.A.S. 1022 glass 
specimen af t e r i r r a d i a t i o n at 77 K i s shown i n Fig. (4.25) for 
various temperatures up to room temperature. In t h i s diagram 
the absorption at room temperature has been subtracted. 
4.2.2. Discussion 
The two components of the o p t i c a l absorption found i n the 
L.A.S. base glasses at 2,150 A and at 2,350 A can be compared with 
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the 2,260 A ( fi ) and 2,380 A ( oc ) absorptions found i n 
additively coloured KI and attributed (4.19) to perturbations 
of the exciton states which produce the f i r s t fundamental 
absorption band of the c r y s t a l . The perturbation i s caused 
by the proximity of an F centre ( ft -band) or a negative ion 
vacancy ( «t -band). So i n glass i t i s suggested that the 
base glass edge absorption (8.1 e.V. i n pure SiO^) i s modified 
near l o c a l ionic fluctuations producing increased positive and 
negative charges to give r i s e to the two absorptions near the 
opt i c a l absorption edge. This would agree with the fact that 
minimum absorption in t h i s region was found when the Li„0/Al 0 
was such as to allow l o c a l charge compensation. The increased 
o p t i c a l absorption produced by the presence of titanium may be 
• 3+ 
due to a small fraction of t h i s ion i n the T i state which i s 
known to r e s u l t i n an absorption at 3,500 A, however, th i s ionic 
state was not detected by e.s.r. before i r r a d i a t i o n as mentioned i n 
Chapter 3. The absorption i n the u l t r a - v i o l e t region caused by the 
presence of gadolinium has been i d e n t i f i e d as due to' t r a n s i t i o n s 
of the Gd^+ ion. This i s shown in Fig. (4.26) i n which a comparison 
i s made between the glass absorptions and those of the gadolinium 
ion i n a LnCl c r y s t a l . Three p r i n c i p a l absorptions in the infra-red 
region for s i l i c a t e glasses have been found at 1050 cm \ 780 cm * and 
475 cm ^ (4.20). These have been attributed to the silicon-oxygen 
stretching mode within the S i 0 4 tetrahedra (4.21) the intertetrahedral 
S i stretching mode and the Si-0 bending modes respectively. In the 
-1 
L.A.S. glasses the 1050 cm , Si-0 stretching mode has a double 
component which may be assigned to an Al-O-Si bond vibration. I t 
i s also possible to correlate the absorption band at 700 cm 1 i n 
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the L.A.S. glasses to the intertetrahedral S i stretching mode. 
The resolution of this absorption i s seen to be reduced by the 
incorporation of TiO or Gd 0 in agreement with the r e s u l t s of 
Ferraro et a l . (4.20). This reduction i s thought to be due to the 
destruction of S i - 0 - S i bridges by the incorporation of Na o0 
and a sim i l a r bridging bond destruction i s suggested when TiO 
i s added to the glass. With heat treatment t h i s p a r t i c u l a r 
absorption becomes enhanced which would be expected as_the 
development of a c r y s t a l l i n e phase requires bonds to be formed 
between tetrahedra. When Gd 0 i s present i n addition to the TiO_ 
the enhancement of t h i s absorption i s l e s s . 
The 460 cm absorption found in the L.A.S. glasses i s 
thought to be associated with the S i - 0 bond bending modes by a 
di r e c t comparison with the 475 cm 1 absorption found i n sodium 
s i l i c a t e glasses and attributed to t h i s mode. When the glass 
containing T i 0 2 i s c r y s t a l l i s e d t h i s absorption appears to have a 
double structure with peaks at 420 cm 1 and 550 cm 1. 
The o p t i c a l absorption produced by X-ray i r r a d i a t i o n i s due 
to trapped electrons and holes, and whilst the absorption induced 
i n the u l t r a - v i o l e t region i s due to the former, the l a t t e r produces 
absorption i n the v i s i b l e region. This c l a s s i f i c a t i o n has been 
extensively studied (4.22) i n sodium s i l i c a t e glasses, and can be 
d i r e c t l y applied to the L.A.S. glasses as the basic s i l i c o n 
tetrahedra are thought to be only s l i g h t l y modified. From the 
1 i 
o p t i c a l absorption measurements made af t e r the L.A.S. glass was 
irr a d i a t e d at 77 K some deductions can be made about the s t a b i l i t y 
of the X-ray induced traps. I t i s evident from Fig. (4.15) that 
- 164 -
the trap producing o p t i c a l absorption at 4,000 A i s unstable at room 
temperature and t h i s i s seen to agree with the deductions made 
from the thermoluminescence r e s u l t s . 
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CHAPTER 5 
GENERAL CONCLUSIONS 
The role of titanium in the production of glass ceramics 
depends upon the glass composition. For the 20 mole % l i t h i a , 
60 mole % s i l i c a , 20 mole % alumina glass studied, i t would 
appear that phase separation does not play a part i n titanium 
nucleation; No titanate compounds were detected during the 
i n i t i a l c r y s t a l l i s a t i o n process from which i t i s concluded that 
the p r ecipitation of a titanate compound to act as a nucleation 
centre i s unlikely. Titanium does reduce the v i s c o s i t y of a 
glass melt which allows easier atomic re-arrangement and t h i s i s 
no doubt a s i g n i f i c a n t factor i n the c r y s t a l l i s a t i o n process. 
The suggestion that titanium i s attached to non-bridging 
oxygen ions at the periphery of well ordered domains would agree 
with the observations made i n the glass composition. 
F i r s t l y the e f f e c t of the addition of gadolinium to the 
glass was found not to e f f e c t the titanium nucleation but did 
reduce the c r y s t a l growth rate. This would be the case i f 
gadolinium ions were located i n the glassy regions, when 
nucleation i s thought to begin at the well ordered domains. 
Crystal growth in h i b i t i o n can then be explained by the 
interaction of titanium and gadolinium as the c r y s t a l front 
advances. Extended heat treatment r e s u l t s i n a change i n the 
gadolinium s i t e occupation, discussed in Chapter 3, and appears 
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i 
to be due to a gadolinium-titanium interaction which would occur 
at the c r y s t a l / g l a s s interface. 
A multiple s i t e occupation i s suggested for gadolinium i n 
the glass matrix from an interpretation of electron spin 
resonance r e s u l t s with the spin Hamiltonian:-
H&)= g / S H . S + D ^ S 2 - !S<S+1>) + (E<S 2 - S 2 ) ) 
o V» z 3 / ^ x y ' _ 
The solution of this hamiltonian has allowed a l l the major 
features of the experimental r e s u l t s to be found. To obtain a 
reasonable f i t between calculated and experimental r e s u l t s two 
c r y s t a l f i e l d values for the gadolinium ion environment are 
required. In the lithium aluminium s i l i c a t e . g l a s s e s the main 
s i t e for gadolinium has a c r y s t a l f i e l d with D s: 0.018 cm 1 
and E Sir 0.005 cm 1 whilst a s i t e also occurs with D Sr 0.065 cm 
and E m 0.025 cm"1. 
When the glass l a t t i c e i s changed the r e l a t i v e occupation 
of these two s i t e s changes. An increase i n the high g value 
component of the electron spin resonance absorption corresponding 
to an increase i n the r e l a t i v e number of high c r y s t a l f i e l d s i t e s . 
This i s p a r t i c u l a r l y noticeable when the glass l a t t i c e containing 
the gadolinium i s changed to sodium b o r o s i l i c a t e . 
The observation of X-ray i r r a d i a t e d defects i s also i n 
agreement with the idea of l o c a l well ordered domains ex i s t i n g 
within the glass. E.S.R. r e s u l t s showed that the defects, thought 
to be due to silicon-oxygen tetrahedra, with an electron i n a 
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meta-stable position, were unchanged a f t e r c r y s t a l l i s a t i o n . 
I f well ordered regions did not e x i s t a narrowing or a 
reduction i n intensity of the defect l i n e s would be expected 
a f t e r c r y s t a l l i s a t i o n . From the o p t i c a l absorption and 
thermoluminescence work i t i s evident that a forbidden energy 
gap e x i s t s i n the glass as well as i n the c r y s t a l l i n e state. 
Recent work (5.1) has shown that an amorphous material can give 
r i s e to such a band gap i f l o c a l well ordered regions e x i s t with 
dimensions of the order of 100 A. Unfortunately t h i s i s j u s t 
below the detection l i m i t of the electron microscopy techniques 
employed. 
I f the c r y s t a l growth in h i b i t i o n found to be produced by the 
presence of gadolinium i n the lithium aluminium s i l i c a t e glasses 
i s due to the presence of gadolinium i n the i n t e r s t i t i a l (high 
c r y s t a l f i e l d ) s i t e , an increased i n h i b i t i o n may be found i n 
glass systems which favour t h i s i n t e r s t i t i a l s i t e . Although 
advantageous nucleation properties of a gadolinium containing 
titanate glass-ceramic have been found yto enable t h i s to be 
developed requires more extensive.tests. E s p e c i a l l y relevant would 
be the e f f e c t of the rare earth purity and the measurement of the 
physical properties of the glass-ceramic produced. 
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APPENDIX 1 
Computer Programmes 
The programmes given were used on the I.B.M. 360/67 computer 
of the U n i v e r s i t i e s of Durham and Newcastle upon Tyne. 
CONTENTS 
DIAG: T h i s PL/1 programme together w i t h i t s subroutine MSDU 
c a l c u l a t e s the e f f e c t of the c r y s t a l and Zeeman f i e l d s 
on a magnetic i o n g i v i n g p r o b a b i l i t i e s f o r 
t r a n s i t i o n s between the r e s u l t a n t energy l e v e l s 
f o r a p a r t i c u l a r a p p l i e d microwave frequency. 
MSDU: MSDU i s ' a standard PL/1 s c i e n t i f i c s ubroutine used 
w i t h DIAG. 
BERT: T h i s F o r t r a n programme c a l c u l a t e s c r y s t a l l o g r a p h i c 
d v a l u e s from a punched tape densitometer t r a c e input. 
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DIAG 
1 (SUBRG): 
2 DIAGrPROC OPTIONS (MAIN); 
3 DCL(A(N,N),R(N,N))BIN FLOAT CONTROLLED; 
4 DCL(N,MV) FIXED BIN,DATA F I L E STREAM INPUT; 
5 DCL(B(N,N),E(N JN) FLOAT CONTROLLED,DATA F I L E STREAM INPUT; 
6 DCL(IND) FIXED BIN; 
7 DCL(F(N,N),G(N,N)) FLOAT CONTROLLED,DATA F I L E STREAM INPUT; 
8 DCL YY FIXED BIN I N I T I A L ( O ) ; 
9 DCL(MMM)FLOAT; 
10 DCL(ZZZ)FLOAT; 
11 DCL(INCH)FIXED BIN; 
12 DCL(NNN,COUNT)FIXED~BIN; 
13 DCL XX FLOAT; 
14 ;- DCL (MIN, MAX) FLOAT; 
15 DCL(SUM(501))FLOAT; 
16 DCL(Y,Q)FL0AT; 
17 DCL(P,M,T,INCT)FLOAT; 
18 DCL(C(N,N),D(N,N))BIN FLOAT CONTROLLED; 
19 DCL(INDD)FIXED BIN; 
20 DCL(MAXH,DF',EF)FLOAT; 
21 DCL(H,I,J,K,L,S)FIXED BIN; 
22 DCL Q FIXED BIN; 
23 PUT LIST('DATA FORM:MIN,MAX,T(INIT),INCT,P(INIH),MAXH, 
I N D ( = 1 ( 0 ) ) ' ) ; 
24 PUT L I S T ( ' G VALUE . DF E F ' ) ; 
25 PUT SKIP; 
26 . GET LIST(MIN,MAX); 
27 GET LIST(T,INCT,P,MAXH); 
28 PUT DATA(T,INCT,P,MAXH); 
29 PUT SKIP; 
30 GET LIST(INDD); 
31 ..GET L I S T ( Q ) ; 
32 PUT DATA(INDD,Q); 
33 GET L I S T ( D F . E F ) ; 
34 PUT L I S T ( D F . E F ) ; 
35 GET LIST(INCH); 
36 PUT SKIP; 
37 GET FILE(DATA) LIST(N.MV); 
38 ALLOCATE A; 
39 ALLOCATE B; 
40 ALLOCATE C; 
41 ALLOCATE D; 
42 ALLOCATE E; 
43 ALLOCATE R; 
44 ALLOCATE F; 
45 ALLOCATE G; 
46 M=P 
47 DO 1=1 TO N; 
48 DO J = l TO N; 
49 GET FILE(DATA) L I S T ( B ( I , J ) ) ; 
50 END; 
51 END; 
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52 B=B*DF; 
53 DO 1=1 TO N; 
54 DO J = l TO N; 
55 GET FILE(DATA) L I S T ( E ( I , J ) ) ; 
56 END; 
57 END; 
58 E=E*EF; 
59 DO 1=1 TO N; 
60 DO J = l TO N; 
61 GET FILE(DATA) L I S T ( F ( I , J ) ) ; 
62 END; 
63 END; 
64 G=F; 
65 L2:P=M; 
66 COUNT=0; 
67 AGAIN: F=G; 
68 F=0.0935*P*0.5*F*SIN(T); 
69"" A=B+E+F; 
70 C=0; 
71 C0UNT=C0UNT+1; 
72 DO J = l TO N; 
73 C ( J , J ) = 0 . 0 9 3 5 * P * ( 4 . 5 - J ) * C 0 S ( T ) ; 
74 END; 
75 A=A-C; 
76 D=A; 
77 CALL MSDU(A,R,N,MV); 
78 • DO K=l TO 8; 
79 . DO L = l TO 8; 
80 XX=A(K,K)-A(L,L); 
81 I F XX <. MIN THEN GO TO FRED; 
82 I F XX > MAX THEN GO TO FRED; 
83 SP=2.64575*(R(1,K)*R(2,L)+R(7 JK)*R(8,L)) 
84 +3.46410*(R(2,K)*R(3,L)+R(6,K)*R(7 IL)) 
85 + 3 . 8 7 2 9 8 * ( R ( 3 J K ) * R ( 4 ) L ) + R ( 5 , K ) * R ( 6 , L ) ) 
86 +4.0*R(4,K)*R(5,L); 
87.... SM=2»64575*(R(2,K)*R(1,L)+R(8,K)*R(7,D) 
88 +3.46410*(R(3 IK)*R(2,L)+R(7 JK)*R(6,L))' 
89 +3.87298^(4, K)*R(3,L)+R( 6, K ) * R ( 5 , L ) ) 
90 +4.0*R(5,K)*R(4,L); 
92 W=SP**2+SM**2; 
93 W=W*(2*SIN(T)+C0S(T)); 
94 I F W < 0.0001 THEN GO TO FRED; 
95 PUT SKIP; 
96 PUT L L S T C H VALUE'); 
97 PUT E D I T ( P ) ( F ( 5 , 2 ) ) ; 
98 PUT EDIT('ANGLE= \ T ) ( A ( 8 ) . F ( 5 , 2 ) ) ; 
99 .PUT SKIP 
100 PUT LIST('E I G E N VALUES A R E 1 ) ; 
101 PUT SKIP; 
102, PUT L I S T ( A ( K ) K ) , A ( L , L ) J K , L , P , T ) ; 
103 PUT EDIT('TRANSITION PR0B=',W)(X(5),A(18),F(9,4)); 
104 NNN=COUNT; 
105 SUM(NNN)=SUM(NNN)+W; 
106 PUT SKIP; 
107 • FRED:END; 
108 END; 
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115.5 Y=MAXH-0.02; 
117 I F P > Y THEN GO TO L4; 
118 I F P > MAXI-I THEN GO TO L4; 
121 ZZZ=INCH/50; 
122 P=P+ZZZ; 
123 GO TO AGAIN; 
131 L 4 : I F T > 1.49 THEN GO TO L3; 
133 T=T+INCT; 
134 GO TO L2; 
135 L3:DO NNN=1 TO COUNT; 
136 IMMM=NNN/50; 
138" PUT LIST(MMM,SUM(NNN)); 
139 PUT SKIP; 
140 END; 
END OF F I L E 
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MSDU 
1 MSDU: PROCEDURE (A.R.NjMV); 
2 DECLARE 
3 (I,IND, J , L, M, MV, N ) 
4 FIXED BINARY, 
5 ERROR EXTERNAL CHARACTER ( 1 ) , 
6 (A(*,*),R(*,*),ANORM,ANRMX,THR,U,Y,SINX, 
7 SINX2 JCOSX,COSX2,SINCS,FN) 
8 BINARY FLOAT; 
9 "" ERROR='0'; 
10 I F N < = 1 
11 THEN DO; 
12 ERROR='l'; 
13 GO TO FIN; 
14 END; 
15 FN=N; 
16 I F MV=0 
17 THEN DO; 
18 DO 1=1 TO N; 
19 DO J = l TO N; 
20 R ( I , J ) = 0 ; 
.21 END; 
22 R ( I , I ) = 1 ; 
23 END; 
24 END; 
25 ANORM=0; 
26 DO 1=1 TO(N-l); 
27 .... DO J=(I+1 ) TO N; 
28 ANORM=ANORM+A(I,J)*A(I,J); 
29 END; 
30 END; 
31 I F ANORM < = 0 . 0 
32 THEN GO TO SORT; 
33 - ANORM=1.414* SQRT(ANORM); 
34 ANRMX=AN0RM*1.0E-6/FN; 
35 IND=0; 
36 THR=ANORM; 
37 . S10: 
38 • THR=THR/FN; 
39 S20: 
40 L = l ; 
41 S30: 
42 M=L+1; 
43 S40: 
44 I F ABS(A(L,M))> =THR 
45 THEN DO; 
46 IND=1; 
47 , U=0.5*(A(L,L)-A(M,M)); 
48 Y=-A(L,M)/SQRT(A(L,M)*A(L <M)+U*U); 
I 
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49 I F U< 0.0 
50 THEN Y=-Y; 
51 SINX =Y/SQRT ( 2 . 0* (1.0+ (SQRT(1-. 0-Y*Y ) ) ) ) ; 
52 SINX2=SINX*SINX; 
53 C0SX=SQRT(1.0-SINX2); 
54 C0SX2=C0SX*C0SX; 
55 SINCS=SINX*C0SX; 
56 DO 1=1 TO N; 
57 I F I < L 
58 THEN DO; 
59 I F I < M 
60 THEN DO; 
61 U=A(I,L)*COSX-A(I JM)*SINX; 
62 A(I,M)=A(I,L)*SINX+A(I,M)*COSX; 
63 A(I,L)=U; 
64 END; 
65 END; 
66 ELSE I F I > L 
67 THEN DO; 
68 I F I < M 
69 THEN DO; 
70 U=A(L,I)*COSX-A(I,M)*SINX; 
71 A(I,M)=5A(L,I)*SINX+A(I JM)*C0SX; 
72 END; 
73 . ELSE I F I > M 
74 THEN DO; 
75 U=A(L,I)*COSX-A(M,I)*SINX; 
76 A(M #I)=A(L,I)*SINX+A(M,I)*COSX; 
77 END; 
78 I F I - =M 
79 THEN A(L,I)=U; 
80 END; 
81 I F MV=0 
82 THEN DO; 
83 U=R(I,L)*COSX-R(I,M)*SINX; 
84 R(I >M)=R(I,L)*SINX+R(I,M)*COSX; 
85 R( I , L ) = U ; 
86 END; 
87 END; 
88 U=2.0*A(L,M)*SINCS; 
89 Y=A(L,L)*C0SX2+A(M,M)*SINX2-U; 
90 U=A(L JL)*SINX2+A(M,M)*C0SX2+U; 
91 A(L,M)=(A(L,L)-A(M,M))*SINCS+A(L,M)*(C0SX2-SINX2); 
92 A(L,L)=Y; 
93 A(M,M)=U; 
94 • END; 
95 I F M "* = N 
96 THEN DO; 
97 M=M+1; 
98 GO TO S40; 
99 END; 
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100 I F L ~* =(N-1) 
101 THEN DO; 
102 L=L+1; 
103 GO TO S30; 
104 END; 
105 I F IND =1 
106 THEN DO; 
107 IND=0; 
108 GO TO S20; 
109 END; 
110 I F THR > ANRMX 
111 THEN GO TO S10; 
112 SORT: 
113 DO 1=1 TO N; 
114 DO J = l TO N; 
115 I F A ( I , I ) < A ( J , J ) 
116 THEN DO; 
117"" U = A ( I , I ) ; 
118 A ( I , I ) = A ( J , J ) ; 
119 A(J,J)=U; 
120 I F MV=0 
121 THEN DO; 
122 DO L= 1 TO N; 
123 U=R(L,I); 
124 R ( L , I ) = R ( L , J ) ; 
125 R(L,J)=U; 
126 END; 
127 END; 
128 END; 
129 END; ' 
130 END; 
131 . FIN: 
132 RETURN; 
133 END; 
END OF F I L E 
I 
175 
BERT 
SUBROUTINE REDSK(IPOS,INC,IVAL) 
ML=(IPOS-l)/1600 
LK=IPOS-1600*ML 
IL=ML+INC 
READ(IL'LK)IVAL 
RETURN 
END 
SUBROUTINE START(K,L) 
CALL CHUNG(J) 
I F ( J ) 1 , 2 , 2 
K=(J+l)/256+255 
L=J-256*(K-256) 
RETURN 
K=J/256 
L=J-256*K 
RETURN 
END 
SUBROUTINE WRISK(IPOS,INC,IVAL) 
ML=(IPOS-l)/1600 
LK=IPOS-1600*ML 
IL=ML+INC 
WRITE(IL'LK)IVAL 
RETURN 
END 
INTEGER T I T L E (60),COUNT 
REAL NOMU,LAMDA,MULT 
DIMENSION N(2),ICH(4),K2(2),MAXP0(400),ITEM(8645) 
EQUIVALENCE ( I C H ( 4 ) , N ( 2 ) ) 
DATA MULT/1.0084/ 
DEFINE F I L E 1(1600,1,U,MILK),2(1600,1,U,MILK), 
3( 1600,1,U,.MILK) ,4(1600,1,U,MILK), 5(1600,1,U,MILK), 
6(1600,l.U.MILK) 
DATA PI/3.141592654/ 
K 2 ( l ) = l 
K2(2)=4 
13=200 
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PI02=0.5*PI , 
J=0 
KJ=0 
11=0 
JK=1 
JJJ=1 
READ(2 , 1)TITLE,LAMDA,N0MU,MAX1,IR 
1 F0RMAT(40A2,/,20A2,2F10.0,215) 
CALL CHUNG(I,J) 
2 DO 3 1=1,2 
JJA=2*(I-1)+1 
3 CALL START(ICH(JJA),ICH(JJA+1)) 
IF ( I C H ( 4 ) - 2 2 1 ) 1 4 , 4 , 1 4 
4 DO 7 1=1,3 
I F ( I C H ( I ) - 1 6 ) 7 , 7 , 5 
5 . I C H ( I ) = I C H ( I ) - 1 6 
I F ( I C H ( I ) - 1 0 ) 7 , 6 , 6 
6 I C H ( I ) = I C H ( I ) - 1 0 
7 CONTINUE . .;• .. 
I.2=100*ICH(1)+10*ICH(2)+ICH(3) " *' 
I F ( l 3 - I . 2 ) 9 , 9 , 8 
8 13=1.2 
9 I F d K * ( I 2 - I l ) ) 1 0 , 1 3 , 1 3 
10 JK=-JK 
KL=(JK+3)/2 
GO TO (11,12),KL 
11 KJ=KJ+1 
12 CALL WRISK(KJ,K2(KL),J) 
13 11=12 
J=J+1 
ITEM(J)=I2 
GO TO 2 
14 K3=J 
WRITE(3, 15) 
15 FORMAT(1H1) 
VVRITEO, 16 ) T I T L E 
16 F0RMAT(1X,60A2,//) 
AA=LAMDA+0.00005 
BB=N0MU+0.O5 
WRITE(3, 17)AA,BB,MAX1,IR 
17 FORMAT(10H LAMBDA=,F8.4,//,16H SIZE OF STEP = ,F5.1,8H 
MICRONS , " / l / , ' FIRST PEAK I S BASED ON',14,//,' 
PEAK HEIGHT =',I3,//) 
KJ=KJ-1 
ISUF=0 
L=0 
18 K=L+1 
L=K 
CALL REDSK(K,K2(1),NP0) 
IMAX=ITEM(NP0) 
19 CALL REDSK(L,K2(2),IL2) 
MIN=ITEM(IL2) 
IF((IMAX-MIN)-IR)20,23,23 
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PI02=0.5*PI , 
J=0 
KJ=0 
11=0 
JK=1 
JJJ=1 
READ(2 , 1)TITLE,LAMDA,NOMU,MAX1,1R 
1 FORMAT(40A2,/,20A2,2F10.0,215) 
CALL CHUNG(I,J) 
2 DO 3 1=1,2 
JJA=2*(I-1)+1 
3 CALL START(ICH(JJA),ICH(JJA+1)) 
IF(IC H ( 4 ) - 2 2 1 ) 1 4 , 4 , 1 4 
4 DO 7 1=1,3 
I F ( I C H ( I ) - 1 6 ) 7 , 7 , 5 
5 . I C H ( I ) = I C H ( I ) - 1 6 
I F ( I C H ( I ) - 1 0 ) 7 , 6 , 6 
6 I C H ( I ) = I C H ( I ) - 1 0 
7 CONTINUE •• ... 
I.2=100*ICH(1)+10*ICH(2)+ICH(3) 
I F ( l 3 - I . 2 ) 9 , 9 , 8 
8 .13=12 
9 I F ( J K * ( I 2 - I 1 ) ) 1 0 , 1 3 , 1 3 
10 JK=-JK 
KL=(JK+3)/2 
GO TO (11,12),KL 
11 KJ=KJ+1 
12 CALL WRISK(KJ,K2(KL),J) 
13 11=12 
J=J+1 
ITEM(J)=I2 
GO TO 2 
14 K3=J 
\VRITE(3, 15) 
15 FORMAT(lHl) 
WRITE(3, 16 ) T I T L E 
16 FORMAT(IX,60A2,//) 
AA=LAMDA+0.00005 
BB=N0MU+0.05 
WRITE(3, 17)AA,BB,MAX1,IR 
17 FORMAT(10H LAMBDA=,F8.4,//,16H SIZE OF STEP = ,F5.1,8H 
MICRONS ,"/!/,' FIRST PEAK I S BASED ON',14,//,' 
PEAK HEIGHT =',13,//) 
KJ=KJ-1 
ISUF=0 
L=0 
18 K=L+1 
L=K 
CALL REDSK(K,K2(1),NP0) 
IMAX=ITEM(NPO) 
19 CALL REDSK(L,K2(2),IL2) 
MIN=ITEM(IL2) 
IF((IMAX-MIN)-IR)20,23,23 
- 1 7 7 -
20 L=L+1 
IF(L-KJ)21,21,28 
21 CALL REDSK(L,K2(1),IL2) 
MAX=ITEM(IL2) 
I F (IMAX-MAX)22,19,19 
22 IMAX=MAX 
NP0=IL2 
K=L 
GO TO 19 
23 J=K 
24 J=J-1 
I F ( J ) 2 6 , 2 6 , 2 5 
25 CALL REDSK(J,K2(2),IL1) 
MIN=ITEM(IL1) 
IF((IMAX-MIN)-IR)27,26,26 
26 ISUF=ISUF+1 
MAXPO(ISUF)=NPO 
GO TO 18 
27 CALL REDSK(J,K2(1),IL1) 
MAX=ITEM(IL1) » 
IF(IMAX-MAX)18,24,24 
28 CONTINUE 
WRITE(3, 29) 
29 FORMAT(7X,'POSITION',6X,'VALUE*,7X,'MILLIMETRES 1,11X,'D*) 
DO 39 I=1,ISUF 
IZZ=0 
MM=MAXPO(I) 
I2=ITEM(MM) 
DO 32 IL=1,2 
IZ=2*IL-3 
M=MM 
30 M=M+IZ 
IF(M)32,32,31 
31 I4=ITEM(M) 
I F ( ( I 2 - I 4 ) - 2 ) 3 0 , 3 0 , 3 2 
32 N(IL)=M 
MM=(N(l)+N(2))/2 
I4=ITEM(MM)-I3 ? ' :.v'V 
GO TO ( 3 3 , 3 6 ) , J J J 
33 COUNT=I 
IF(I4-MAX1)39,39,34 
34 JJJJ=MM 
JJJ=2 
WRITE(3, 35)14 
35 FORMAT(12X,'0',9X,13,27X,'INFINITY') 
GO TO 38 
36 IM=MM-JJJJ 
AMM=IM 
AM=AMM*NOMU*0.001 
AMM=AM*PI/720.0 
AMM=LAMDA/(2.0*SIN(AMM))+0.0005 
AM=AM+0.0005 
DK=MULT*(AMM-0.0005)+0.0005 
WRITE(3, 37)IM,I4,AM,AMM,DK 
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37 F0RMAT(9X,I4 (9X JI3,10X IF7.3,2(10X JF8.3) ) 
38 IZZ=1 
39 MAXPO(I)=IZZ*MM 
JN=I5UF-C0UNT+1 
\VRITE(3, 40)JN 
40 FORMAT(//,'NO OF PEAKS= f , I 3 ) 
A J J J J = J J J J 
AJJ=AJJJJ-300.0 
CALL SCALF(0.01,0.01,AJJ,0.0) 
CALL FPLOT(+2,AJJ,1000.0) 
CALL FPLOT(0,AJJ,0.0) 
CALL FPL0T(+1,-200.0,+50.0) 
DO 41 KLK=1,2 
L1=30*(KLK-1)+1 
_L2=Ll+29 
" XS=FL0AT(JJJJ-220+20*KLK) 
CALL FCHAR(XS,+50.0 , 0.15,0.1,PI02) 
41 WRITEC7, 42) ( T I T L E ( L K L ) , L K L = L 1 , L 2 ) 
42 FORMAT(30A2) 
NMI=5000/N0MU 
L00P=(K3-l)/NMI+2 
DO 43 KIK=1,L00P 
XC00R=FL0AT(NMI*(KIK-1))+AJJJJ-15.0 
IVAL=5*(KIK-1) 
CALL FCHAR(XCOOR,-25.0,0.10,0.1,0.0) 
43 WRITE(7, 44)IVAL 
44 FORMAT(13) 
DO 47 II=COUNT,ISUF 
I=ISUF-II+COUNT 
IF(MAXPO(I))47,47,45 
45 MA=MAXPO(I) 
IV=ITEM(MA) 
VI=FLOAT(IV+25) 
AMA=FLOAT(MA) 
• CALL FPL0T(-2,AMA,VI) 
DO 46 JK=1,2 
46 CALL P0INT(3) 
CALL FPL0T(1,AMA,VI) 
47 CONTINUE 
CALL FPL0T(+1,0.0,0.0) 
CALL FPL0T(-2,0.0,0.0) 
CALL DATSW(O.IGOR) 
GO TO (48,49),IGOR 
48 WRITE(3, 15) 
WRITE(3, 16)TITLE 
49 L = l 
NN=25 
M=(K3-l)/25 
NREM=K3-25*M 
, DO 53 1=1,M 
50 DO 51 J=1,NN 
N0=25*(I-1)+J 
TITLE(J)=ITEM(NO) 
XNO=NO 
Y=TI T L E ( J ) 
51 CALL FPLOT(0,XNO,Y) 
GO TO (52,53),IGOR 
52 WRITE(3, 5 6 ) I , ( T I T L E ( J ) , J=1,NN) 
53 CONTINUE 
GO TO(54,57),L 
54 IF(NREM)57,57,55 
55 L=2 
NN=NREM 
. I=M+1 
GO TO 50 
56 FORMAT(IX,26(13,IX)) 
57 CALL EXIT 
END 
END OF F I L E 
- 160 -
REFERENCES 
CHAPTER 1 
1. 1 Mackenzie, J.D. Modern Asp e c t s of the V i t r e o u s S t a t e 
1. 1 (1960) 
1. 2 Weyl, W.A. & Marboe, E.C. G l a s s I n d u s t r y Vol.41 
8 Aug. (1960) 
1. 3 Z a c h a r i a s e n , W.H. J.Amer. Chem.Soc. 54 3841 (1932) 
1. 4 P o r a i - K o s h i t s , E.A. The S t r u c t u r e of G l a s s 5(1966) 
1. 5 ' Evans, P L. & King, S.V. Nature 212, 1353 (1966) 
1. 6 B e l l , R.J. & Dean, P. Nature 212, 1354 (1966) 
1. 7 Stookey, S.D. U.S. P a t . 2,920,971 (1960) 
1. 8 B e a l s , M.D. The G l a s s Ind. Dec. (1963) P.679-694 
1. 9 T u r n b u l l , R.C. & Lawrence, W.G. J.of Am. Ceram.Soc.Vol.35(2) 
1952, 4 8 - 5 3 
1.10 Janakirama Rao, Bh.V, Phys. & Chem.of G l a s s e s Vol.4 No.l 
Feb. 1963 
1.11 Vogel, W. S t r u c t u r e of. G l a s s 6 114 (1966) 
1.12 Doherty, P.E., Lee, D.W. & Davies, R.S. J . of Am. Ceram, 
Soc. • Vol.50 *No.2 77-81 
1.13 Martin, F.W. Phys. & Chemistry of G l a s s e s Vol.6 No.4 
Aug. 1965, 143-146 
1.14 B a r r y , T . I . e t a l . J . M a t e r i a l s S c i e n c e 4,7 (1969)596-612 
and J . M a t e r i a l s S c i e n c e 5 (1970) 117-126 
1.15 Sakka, S. & Mackenzie, J.D. J . of n o n - c r y s t a l l i n e s o l i d s 
1,107 (1969) (and r e f e r e n c e s t h e r e i n ) 
1.16 Ba r r y , T . I . & Lay, L.A. R e a c t i v . S o l . Proc.Int.Symp. 
(1968 publ.1969, J.W. M i t c h e l l ed.) 685-694 
1.17 Sands, R.H. Phys. Rev. 99 1222 (1955) 
1.18 Ca s t n e r , T. ( J r . ) . , Newell, G.S., Holton, W.C. & S l i c h t e r , C P 
J . Chem.Phys. 32,668 (1960) 
1.19 Rogerson, P.S. M i n e r a l o g i c a l Magazine Vol.37 No.291 
Sept. 1970 p. 741-758 
1.20 Mann, M.M. "(1969) Ph.D. T h e s i s . U n i v e r s i t y of Southern 
C a l i f o r n i a 
1.21 R i c e , D.K., &, Deshazer, L.G. Phys.Rev. V o l . 186 No.2 
Oct. 1969 387-392 
1.22 N i c k l i n , R.C. Ph.D. T h e s i s , Nov 1967 Iowa S t a t e U n i v e r s i t y . 
1.23 Van Wieringen, J.S. 8t Katz, A. 1957 P h i l i p s Res. Rept.12 
432-454 
1.24 Byurganovskaya, G.V. & Orlov, N.F. 1962 O p t i c s and 
Spectroscopy 12, 151-154 
- 181 -
1.25 Schulman, J.H. & Compton, W.D. 1962 Colour C e n t r e s i n 
S o l i d s , pp 368-384 (MacMillan Co., New York) 
1.26 Karapetyan, G.O. St R e i s h a k h r i t , 'A.L. 1967 I z v . Akad. 
Nauk .. SSSR,.. Neorg.Mater 3, 217 
1.27 Mackey, T.H., Boss T.W. and Kopp, M. 1970 Phys. And 
Chem. of G l a s s e s 11, 205-212 
1.28 Stroud, J.S., S c h r e u r s , J.W.H. and Tucker, R.F. 1965 
Proceedings of 7th InternationalCongress on 
G l a s s , Belgium, pp 7-24 
1.29 Sidorov, T.A., T y u l k i n , V.A. and Aksenov, Z. 1967 Prd. 
Spectrosk 7, 778-782 
1.30 Sidorov, T.A., T y u l k i n , V.A. and Aksenov, Z. Dokl Akad. 
Nauk SSSR 175 1094-1096 (1967) 
CHAPTER 2 
2. 1 C l i n t o n , D., Mercer, R.A. and M i l l e r R.P. J . Mat.Sci. 
5(1970) 171-181 
2. 2 Debye, P. Ann. P h y s i k , 46,809 (1915) 
2. 3 Van Vleck, (1940) Phys. rev. 57,426 
2. 4 Van Vleck, (1948) Phys. rev. 74,1168 
2. 5 Pryce, M.H. and Stevens, K.W.H. (1950) Proc. Phys.Soc. 
A,63,36 
CHAPTER 3 
3. 1 C l i n t o n , D., Mercer, R.A., M i l l e r , R.P. Mater.J. S c i . " 
5(1970) 171 
3. 2 Rogers, P.S.. M i n e r o l o g i c a l Magazine 37 (1970) 2S1 
3. 3 Vojnovich, T. and Mcgee, T.D. J.Am.Ceramic Vol.52 7 
J u l y (1969) 386-392 
3. 4 Van Vleck, J.H. & Penney, W.G. Phil.Mag. 17,961 (1934) 
3. 5 Abragam, A. and Pryce, M.H. Proc. Roy.Soc. 205 (1951 A) 135 
3. 6 S l a t e r , J.C. Quantum Theory of Atomic S t r u c t u r e 
V o l . 1, McGraw-Hill, C h . l l (1960) 
3. 7 Stevens, K.W.H. Proc. Phys. Soc. (London) A65 (1952) 209 
3. 8 Bleaney, B. & Stevens, K.W.H. Rept. Progr. Phys. 16 (1953) 108 
3. 9 Hutchings, M.T. S o l i d S t a t e P h y s i c s 16 (1964) 227-271 
3.10 Abragam, A. & Bleaney, B. E l e c t r o n Paramagnetic Resonance of 
T r a n s i t i o n I o n s , I n t e r n a t i o n a l S e r i e s of 
Monographs on P h y s i c s . Clarendon P r e s s Oxford (1970) 
3.11 Pake, G.E. (P.33) Paramagnetic Resonance. W.A. Benjamin I n c . , 
New York, (1962) 
3.12 Yarif'yanov,N. S., Timerov R.Kh. & Usacheva, N.F. F . Z i k a 
Iverdaga T e l a , 4. 11 (1962) 3344 
1 8 2 -
3.13 Chepleva, I.V., L a z u k i n , V.N., & Dembovskii, S.A. I z v e s t i y a 
Akademii Nauk. SSSR, Neorganicheskie, 
M a t e r i a l y 4, 11 (1968) 1927 
3.14 N i c k l i n , R.C. Ph.D. T h e s i s , Nov.(1967) Iowa S t a t e U n i v e r s i t y 
3.15 Koste r , G.F. & S t a t z , H. Phys. Rev. 113, 2(1959) 445 
3.16 S t a t z , H. & Kost e r , G.F. Phys. Rev. 115, 6(1959) 1568 
CHAPTER 4 
4. 1 Shu l g i n , B.V., T a y l o r , K.N.R., Hoaksey, A. and Hunt, R.P. 
1972 J . Phys. ,C. S o l i d S t a t e Phys. V ol. 5 
1716 - 1726 
4. 2 Herring, A.P., Dean, R.W., and Drobnick, J.K. 1968 Rept. 
Am. Ceram. Soc. 70th Annual Meeting G l a s s 
D i s c u s s i o n Chicago, A p r i l 24, 1968 
4. 3 Karapetyan, CO., and R e i s h a k h r i t , A.L. I z v . Akad. Nauk. 
SSSR Neorg. Mater. 3, 217 (1967) 
4. 4 Gurney, R.W. and Mott, N.F. Trans. Farad Soc. 35(1939) 69 
4. 5. B i e r i n g e r , R.J., and Montgomery, C.G. Phys. Rev. B Vol. 2 
12 Dec. 1970 pp 4988 - 4994 
4. 6 F r i t z s c h e , H. J . N o n . C r y s t a l l i n e S o l i d s 6(1971) 49-71 
4. 7 Urbach, F. Akad. Wiss Wien Ber. 11A (1930) 139,363 
4. 8 R a n d a l l , J.T., and W i l k i n s , M.H.F. Proc.Roy.Soc. A 184 (19.45) 
366-380, 390-407 
4. 9 B o n f i g l i o l i , G. 'Thermoluminescence of g e o l o g i c a l m a t e r i a l s ' 
Academic P r e s s London (1968) p 15-25 
4.10 Yokota, R. Phys. Rev. 91(1953) 1013 
4.11 K i k u c h i , T. J . Phys. Soc. Japan 13,5(1958) 526-531 
4.12 Shalgaonkar, C.S. and N a r l i k a r , A.V. J . Mat. S c i . 7(1972) 
1465-1471 
4.13 Medlin, W.L. J . of Chem. Phys. 38,5(1963) 1132-1145 
4.14 Barry, T . I . , C l i n t o n , D., Lay, L.A., Mercer, R.A., and 
M i l l e r , R.P. J . Mat. S c i . 5(1970) 117-126 
4.15 Sidorov, T.A. and T y u l ' K i n , V.A. I z v . Akad.Nauk.SSSR 
Neorg. Mater. 2,11 (1966) 2033-2038 
4.16 S c h r e u r s , J.W.H. Ji. Chem. Phys = 47,2 (1967) 818-830 
4.17 Weeks, R.A. J . Appl.Phys. 27,11 (1956) 1376-1381 
4.18 Mackey, J.H., Boss, J.W. and Kopp, M. Phys. Chem. 
G l a s s e s 11,6(1970) 205-212 
4.19 I n t e r n a t i o n a l S e r i e s of Monographs on S o l i d S t a t e P h y s i c s , 
Colour Centers i n S o l i d s , P.104. Schulman and 
Compton Pergamon P r e s s (1963) 
- 183 -
4 . 2 0 F e r r a r o , J . R . , H a z d r a , J . J . and B o e t t n e r , W. J . Chem. 
Phys . 5 7 , 1 1 ( 1 9 7 2 ) 4540-4542 
4 . 2 1 F e r r a r o , J .R . and Manganan i , M. P h y s . Chem.Glasses 
( t o be p u b l i s h e d ) 
4 . 2 2 S t r o u d , J . S . , S c h r e u r s , J . W . H . and T u c k e r , R . F . 
7 t h I n t e r n a t i o n a l Congress on G l a s s , B r u s s e l s , 
June 2 8 - J u l y 3 , ( 1 9 6 5 ) 7-24 
- J. Phys. C: Solid State Phys., Vol. 5, 1972. Printed in Great Britain. © 1972. 
Optical characteristics of Tb 3 + ions in soda glass 
B V S H U L G I N f , K N R T A Y L O R , A HOAKSEY and R P H U N T 
Physics Department. University of Durham. Durham, U K 
MS received 16 December 1971, in revised form 30 March 1972 
Abstract. The optical properties of terbium doped soda glass have been investigated as a 
function or terbium concentration. The properties studied in this work were the excitation, 
luminescence and absorption spectra and the luminescence decay times. In the case of 
short wavelength excitation, the absorption occurs in the glass matrix and is followed by 
energy transfer to the T b J + ions. At long wavelengths the efficiency or energy transfer 
between T V i o n s by dipole-dipole interaction is small up to quite high concentrations 
of terbium in the glass. However, above approximately I wt % Tb the intensity of the lumin-
escent i D 4 - » ' F J - transitions increases very rapidly with terbium concentration. It is 
suggested that in this range energy transfer occurs between the ions of a T b , + ion pair by 
means of an exchange-dipole interaction. 
1. Introduction 
Increasing interest has been shown in recent years in the properties of the rare earth 
ions in glasses, both in terms of the theoretical and practical aspects of the glasses 
(Karapetyan and Reishakhrit 1967, Rindone 1966). A considerable amount of this work 
is concerned with the concentration dependence of both the luminescence and lumin-
escence decay time, in particular lor glasses doped with T b 3 + ions (Kovaleva et al 
1966, Karapetyan and Lunter 1966, Reisfeld et. al 1969). It is generally believed that the 
mechanism of energy transfer between the rare earth ions in such a matrix is one involv-
ing dipole-dipole interactions. Early observations in our laboratory have suggested 
that for terbium concentrations greater than about 0-6 to 1-0 w t % in soda glass a 
mechanism of energy transfer involving exchange-dipole interactions begins to occur. 
In the present work we have investigated the optical properties of T b 3 + ions in a 
soda glass matrix. These have primarily been concerned with the luminescence be-
haviour and have included measurements of the excitation and emission spectra, the 
concentration dependence of these spectra and the luminescence intensity and the 
luminescence decay times associated with the T b 3 + ions. The effects of temperature on 
the luminescence and the energy storage after x ray irradiation have also been examined. 
In order to establish the mechanisms of energy loss in the specimens the absorption 
spectra were obtained between 300 nm and 6000 nm. 
t At present working at Durham with the support of a British Council Scholarship. Permanent address: 
Urals Polylcchnical Institute. Sverdlovsk, USSR. 
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The samples were prepared by melting together 0-1 kg quantities of the base glass 
plus terbium oxide. The composition of the base glass is given in table I and the ter-
bium oxide concentrations used varied from 0 1 w t % to l l - 6 w t % . The melting was 
Table I . Composition of the h;isc soda glass 
Oxide 
« 1 % 
S i 0 2 
70-8 
N a 2 0 
164 
CaO 
50 
A1 2 0. , 
2-5 
Others 
~ 5 
performed in either platinum or quartz crucibles at 1300 °C for 3 hours. After melting, 
the specimens were cooled to 600 °C at a rate of 200 °C per hour and left at this tem-
perature for 10 to 12 hours, before cooling to room temperature. 
The luminescence, absorption and thermoluminescence (glow curve) spectra were 
obtained using a specially designed cryostat capable of working in the temperature 
range from 80 K to 860 K in conjunction with an Optika spectrophotometer. The 
heating rate used in the glow curve measurements was 2-5 degrees per second. The 
luminescence spectra were obtained with photoexcitation at a wavelength of 365 nm 
using a high pressure mercury lamp. The luminescence spectra obtained from the 
Optika were corrected for the quantum efficiency of the detectors used in this spectro-
photometer. 
The luminescence decay times were determined using either a mercury source 
modulated with a rotating shutter (pulse duration 0-4 ms) or a Zenon flash tube (pulse 
duration 5 us). The luminescence emission intensity was measured using a conven-
tional E M I 95I4B photomultiplier, amplifier and oscilloscope system after passing 
through either a 540-560 nm filter or the Optika used in a monochromator mode. 
3. Results and discussion 
3.1. Excitation, luminescence and absorption spectra 
The excitation spectrum of T b 3 + ions, measured for the emission at 553 nm is shown in 
figure 1. This is similar in form to the results obtained by Herring et al (1968) and 
consists of the following bands: 
Edge base 
absorption 
7 F - 5 D *6 u 3 
= 50 
l ? 4 0 
•— 30 
S 20 
U 
£ 10 
' A A 
300 500 400 
Wavelength (nm) 
Figure- i . The excitation spectrum of a soda glass specimen containing 816 wt % Tb Tor the 
5 D 4 -» 1FJ transitions obtained by measuring the wavelength dependence or the emission 
I'or excitation at 553 nm. 
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450 
Wavelength (ran) 
Figure 4. The variation in the form or the luminescence spectrum of the terbium doped 
glasses as a function or concentration. The intensities have been normalized to the peak 
at 554 nm. The mercury 365 nm emission line was used to excite the luminescence. 
10 
=± 
= 1 = 1 -4— Cc) 
10 
1 
// 
7 
/ 
Concentration of Tb ( w t % j 
Figure 5. The concentration dependence of the luminescence intensity in terbium doped 
glasses for (a) the 5 D . , -> 7 F j transitions: curve 1. 459nm: curve 2, 444nm; curve 3, 438 
nm;(6) the 5 D 4 - » 7 F ; transitions: + 488 nm: O 544 nm; D553 nm. 
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The efficiency derived this way is small (=; 10%) for the l l - 6 w t % T b sample and 
consequently it is difficult to account for the sharp increase in the luminescence intensity 
of the 5 D 4 -» 7 F j transition in terms of the dipole-dipole model. Consequently we 
assume that on increasing the terbium concentration from 0 6 - I 0 w t % to l l - 6 w t % 
terbium,the mechanism of energy transfer between the T b 3 + ions becomes a dipole 
exchange interaction. In the case of a single T b 3 + ion the 5 D 4 state is excited by a 
nonradiative relaxation from the 5 D 3 level. This is shown diagrammatically by 'A ' in 
figure 8. In the case of a pair of coupled ions a further method of excitation of the 5 D 4 
xlO5 3i 
Absorption 
of base glass 
Figure 8. A schematic representation of the luminescence process of T b 3 + in soda glass 
showing both the single ion and ion pair interactions. The glass absorption spectrum is 
also shown to give a relative scale for the transitions. 
level is possible. This occurs through a dipole exchange interaction mechanism shown 
as 'B ' in figure 8. The energy separation of the 7 F 6 -> S D 4 and the 7 F 0 , -» 5 D 3 levels 
in the terbium ions are essentially the same. In the isolated ion the S D 3 -» 6 F 0 , trans-
ition is experimentally found to be predominantly nonradiative and the energy of this 
transition is rapidly dissipated into the lattice. In the case of a pair of coupled ions 
however, the energy of the 5 D 3 -» 7 F 0 > , transition 25000cm - 1 ) of one ion is 
absorbed by the 5 D 4 levels of the second ion, allowing the more probable 5 D 4 -» 7 F j 
transitions to occur. The remaining energy associated with transitions within the 1FJ 
manifold is either dissipated directly to the lattice (wavy lines in figure 8) or radiated 
as an infrared component of the luminescence. 
A simplified version of the energy level model is reproduced in figure 9a where A 
is an isolated T b 3 + ion and B a pair of coupled T b 3 + ions. The .Nj a , Nj b(j = 2,3) 
represent the number of T b 3 + ions in the different excited states. The subscripts a and 
b are used to distinguish the ions in the pair. The transitions between the different 
excited states are indicated by arrows and the radiative transitions with which we are 
presently concerned are labelled L A and L B . In the case of a noninteracting ion the 
basic kinetic equation describing level 2a, is, 
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/CqU e m : h(c) is also shown in this figure along with the concentration dependence of the 
luminescence. 
3.3. Thermotunrinescence ami thermal quenching 
After x ray irradiation the terbium doped specimens show a yellow colouration and a 
distinct glow peak is observed on heating. In figure 10a are presented the experimental 
glow curves for irradiation periods of 3 and 5 hours respectively for the 8-16 w t % 
40 150 
(ai lb) 
100 30 C 
276 C •= 20 
^ - ' 3 7 5 ° C 
50 
567 "C 
6 3065 255 200 mi 4000 
Temperature (°C) v (cm) 
Figure 10. (n) The thermoluminescence (curves 1 and 2) and thermal quenching (curve 3) 
of the luminescence of the T b 3 * ions in soda glass. Curve 1, 3 h irradiation. Curve 2, 5 h 
irradiation, (b) The infrared absorption spectra for soda glass at different temperatures 
(after Scholze and Dietzel 1955). 
sample. After heating to 500 °C visual inspection of the sample showed that the coloura-
tion had disappeared. The broad glow peaks in figure 10<i appear to contain a series of 
separate peaks at 110, 190, 250, 350 and 405 °C, and while the position of these is inde-
pendent of the irradiation period, the intensities of the higher temperature peaks 
increase with increasing irradiation. If we make a crude estimate of the trap depths 
(e) from the positions of these peaks, using the formula 
e = T p/500eV 
where Tp is the peak position in K, we obtain trap depths of 0-77, 0-93, 105, I-25 and 
I 35 eV. 
We suggest that the ihermoluminescence peaks and the observed colouration are 
connected with the same defects (electron traps) within the glass matrix. Further the 
nature of these defects appears to be understood. The analysis of the temperature 
dependence of the infrared absorption spectra for soda glass (see figure 10b) by Scholze 
and Dietzel (1955) shows that the destruction of the bound hydroxy! groups occurs in 
the same temperature region (30 to 600 °C) as the thermoluminescence output. Con-
sequently it is proposed that the bound hydroxyl groups are the least stable regions in 
the glass structure and the defects appearing after x ray irradiation are connected with 
these bound groups. Annealing of these defects then leads to the glow peaks observed. 
Finally, it is important to notice that the luminescence of T b J H in these glasses 
persists to quite high temperatures but shows a quenching phenomenon in the vicinity 
of the glow peaks. The experimental variation of the total luminescence with temperature 
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E.s.r. during crystallization in Gd 3 doped 
lithium-aluminium-silicate glasses 
R. P. H U N T , K. N . R. T A Y L O R 
Physics Department, University of Durham, Durham City, UK 
Measurements of the electron spin resonance spectrum have been made in a G d 3 H doped 
lithium-aluminium-silicate glass at various stages during the crystallization of the glass. 
The crystallization was induced by heat-treatment at various temperatures and took place 
either from the surface or f rom nucleation centres produced by the presence of T i 0 2 in the 
glass. 
The changes in the resonance spectra have been interpreted in terms of the stability of 
the gadolinium sites. In the presence of titanium, it is suggested that complexes are 
formed in the glass which involve both titanium and gadolinium ions. 
Supporting measurements show that the presence of these complexes is also 
detectable f rom the more conventional structural and thermal characterization of the 
glasses. 
1. I n t roduc t ion 
In recent years the volume of work being 
undertaken in an attempt to establish the nature 
of the glassy state has increased rapidly. In 
particular, electron spin resonance techniques 
have been used to provide information about 
environments of paramagnetic probe ions in the 
glass and about the phase transition from the 
glass to the crystalline state [1-6]. In this latter 
respect, the increasing development of glass 
ceramics has emphasized the importance of 
understanding the role played by nucleating 
agents in producing these materials. The most 
commonly used agent at the present time is T i 0 2 
although many other materials may be used for 
this purpose. 
There are considerable differences of opinion 
concerning the mechanism of nucleation and 
subsequent crystallization [7-9] and it is by no 
means clear whether the T i 3 + ions surround the 
developing crystallites or are taken up substitu-
tional^, i.e. into the j8-spoduinene and j8-eucryp-
tite lattices of the lithium-aluiiiinium-silicate 
(LAS) ceramics, for example. 
Al l the electron spin resonance work referred to 
above has made use of various transition metal 
ions as the structure sensitive probe with which 
to investigate the initial stages of crystallization. 
Little use appears to have been made of the 4f 
ions of the lanthanide series however, a fact 
© 1973 Chapman and Hall Ltd. 
which may be associated with the reduced effects 
of the crystal field on these ions compared with 
the 3d-transition metal ions. I t is possible that 
there is less distortion of the glass structure 
about a 4f impurity ion than there is about a 3d 
since the 4f electrons are deeply buried in the 
ion and consequently well screened from the 
crystalline electrostatic field. This is not the 
case for the 3d ions and it may be necessary with 
these to allow for some distortion of the 
surrounding glass matrix when evaluating the 
Hamiltonian for the system. As a result of this 
the lanthanide ions may prove more satisfactory 
structure sensitive probes provided that the 
effects of crystallization are large enough to be 
resolved and provided that the observed spectra 
are capable of interpretation. This latter point is 
also true for the transition metal ions of course. 
Early resonance work on lanthanide ions in 
glass was carried out by Garif'yanov [10], 
Chepeleva [11] and Nicklin [12] using the Gd3 h 
ion in glass matrixes which had not been heat 
treated. A common feature of this work was the 
appearance of high g-value resonances (g ~ 4 
and g ~ 6) in addition to theg = 2 resonance to 
be expected for the S-state ion. To our knowledge 
such low field transitions for the Gc l 3 + ion have 
most frequently been reported for glassy hosts 
and rarely for gadolinium substituted into a 
crystal lattice, although as the works of Abraham 
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T A B L E I The composition or the various glasses used in this investigation 
Class no. SiO. A 1,0, Li..O T i O s G d a O , MgO CaO BaO N a 2 0 K a O 
1022 60 20 20 — — — 
1035 60 20 20 5.0 — — — — — — 
1036 60 20 20 5.0 J.O — — — — — 
1058 60 20 20 — 1.0 — — — — — 
1000 70.8 2.4 — — 1 ->20 2.4 5.0 1.8 16.4 1.6 
el al [13, 14] and Darby [15] have shown, once a 
strong crystal field environment lifts the restric-
tions on the transition selection rules (Am = ± I) 
then many high g-value resonances should be 
observable. The removal of these selection rules 
occurs because of the admixing of the wave 
functions caused by the large electrostatic 
interaction. 
We have recently examined the effects of 
crystallization on these resonances for surface 
nucleated crystal growth of glasses containing 
no titania and for bulk nucleation caused by the 
addition of T i 0 2 to the glass melt. This work has 
shown that the behaviour of the individual 
resonances is sensitive to the presence of titania 
and the results are described in the following. 
2. Exper imental 
Various glasses were prepared from high purity 
Li 2 CO : „ A l 2 0 3 , Si0 2 , T i 0 2 and G d 2 0 3 by heating 
100 g quantities of the well-mixed constituents at 
1450°C for 8 h. Homogeneity was improved by 
intermediate crushing and remelting. Nucleation 
and crystallization were induced by further heat-
treatment in the temperature range from 600 to 
900°C. This heat-treatment was carried out in 
two ways, either by heating at a fixed tempera-
ture in this range after warming directly from 
room temperature or alternatively by heating in 
this range after a previous preheating treatment 
(nucleation) at a lower temperature. These 
different methods lead to two different types of 
crystallization behaviour, as is well known for 
the lithium-aluminium-silicate system [16]. 
Differential thermal analysis (DTA) was used to 
establish the nucieation and crystallization 
temperatures required for these heat-treatments. 
The glasses prepared for this examination are 
listed in Table I , in which the detailed composi-
tions are given. 
The crystallographic structure of the heat-
treated glasses was determined using 
conventional Debye-Scherrer X-ray diffraction 
techniques and the percentage crystallization 
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estimated either from the relative intensities of 
the dominant lines of these diffraction patterns 
or from low magnification electron micrographs 
obtained from carbon replicas of the surfaces of 
freshly broken chips of the glasses. 
Electron spin resonance measurements were 
made using a conventional X-band reflection 
spectrometer with field modulation at 180 Hz. 
2.1. Structural and related data 
The differential thermal analysis results showed 
the presence of two endotherms in the glasses 
containing titanium, but only one in the base 
glass LAS 1022. The low temperature endo-
thermic peak Ty, for the titanium doped glasses, 
is thought to correspond to the nucleation 
process [17] and occurs some tens of degrees 
below the dominant exothermic, crystallization 
peak Tc. The lower peak is at least an order of 
magnitude smaller than the crystallization peak 
and as a result the nucleation transition was 
frequently difficult to detect. 
Fig. 1 shows the DTA results for the LAS 
1022, LAS 1035 and LAS 1036, specimens and 
there are two features which are evident from 
these results. First the presence of 5 at. % T i 0 2 
in the glass causes the crystallization temperature 
to be lowered by approximately 50°C and at the 
same time the width of the corresponding peak 
in the D T A output is drastically decreased. 
Secondly, i f as little as I at. % G d 2 0 3 is added to 
the glass in addition to the 5 at. % T i 0 2 the 
temperature of crystallization is immediately 
returned to the value corresponding to the base 
glassandthe transition region is again broadened. 
The nucleation temperature however, is essenti-
ally unchanged between the glasses containing 
only titanium and those containing both 
titanium and gadolinium. 
As indicated earlier two methods were used for 
crystallization of the glass, either direct crystal-
lization at some temperature or a nucleation 
treatment followed by crystallization at a higher 
temperature. Tn both of these techniques the 
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Figure I D T A and degree o f crystallization o f glasses 1022,1035, 1036 and 1058. Curves 2 represents the degree o f 
crystallization in samples held for I h at these temperatures whilst curves 1 are for samples after a subsequent heat-
ing at 8 5 0 ° C for I h . 
X-ray diffraction patterns showed the presence of 
only the j3-eucryptite phase and as Table Ji 
shows, the derived lattice parameters are 
essentially insensitive to the titanium or gado-
linium additions. 
The extent of crystallization and the crystallite 
size were found to depend strongly upon the 
composition however, for a given heat-treatment. 
The degree of crystallization, as estimated from 
the intensities of several of the diffraction lines 
for standard sample and exposure conditions, 
are shown in Fig. 1, superimposed on the DTA 
output. For a single heat-treatment, little crystal-
lization was detected at temperatures less than 
those corresponding to the crystallization peak. 
Above Tc however, the percentage crystal-
lization rose rapidly before passing through a 
maximum. Again there is a marked difference 
between the LAS 1035 (TiO a only) and LAS 1036 
(TiO, + G d 2 0 3 ) glasses; for the latter composi-
tion the maximum amount of the crystalline 
phase was almost an order of magnitude less than 
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T A B L E I I Derived lattice parameters o f glasses crystallized fo r 1 h at 8 5 0 ° C after nucleation (for I h )a t the tempera-
tures shown. 
Sample heated fo r I h at these temperatures fol lowed by 1 h at 850° C 
650° C 700° C 750° C 800" C 
a c A . V . a c A . V . a c A . V . a c A . V . 
1022 
1035 
1036 
5.26 
5.27 
5.24 
11.17 
10.94 
11.10 
267.6 
263.1 
263.9 
5.18 
5.40 
5.28 
10.98 
11.15 
11.13 
255.1 
281.6 
268.7 
5.25 
5.23 
5.20 
10.97 
11.23 
10.96 
261.8 
266.0 
256.6 
5.21 
5 : i l 
5.25 
11.08 
11.00 
11.03 
260.5 
248.7 
263.3 
A . V . = unit cell volume. 
a, c dimensions are in A and A . V . is in A 3 . 
that for the specimens containing only T i 0 2 . 
Further evidence for the inhibition of the 
crystallization process by gadolinium comes from 
the results obtained for specimens subjected to a 
double heat-treatment. The glasses containing 
TiOg both show a double peak in the percentage 
•crystallization curves in agreement with other 
workers [18], however when Gd 2 0 ; , is also added 
to the glass the amount of crystallization 
developed by the second heating at temperatures 
above 700° C is much less than for the glasses 
containing only T i 0 2 . This is clearly seen in 
Fig. 1 and it is evident that while the nucleation 
efficiency appears to be unaffected by the 
addition of gadolinium, the subsequent crystal-
lization is severely inhibited by its presence. 
Surprisingly, however, the LAS 1058 specimens, 
containing G d 2 0 3 only, showed quite extensive 
crystallization after the single heat-treatment. 
The electron micrographs also showed these 
differences, the grain size in the LAS 1035 
glasses being greater than that in the LAS 1036 
glasses for comparable heat-treatment. 
2.2. Electron spin resonance 
E.s.r. absorption was anticipated only for those 
glasses containing G d 3 + ions. However, speci-
mens of all the glasses prepared were examined in 
order to eliminate the possible existence of 
impurity resonances (for example from Fe 3 i ) 
which might interfere with the G d 3 + spectra. 
Resonances were never found in any specimen 
which did not contain gadolinium, a feature 
which also confirmed that the titanium ions in 
the LAS 1035 and LAS 1036 specimens were in 
the non-magnetic T i 4 + state. In a later phase of 
the work the titanium ions were deliberately 
(Converted to the T i 3 + state by solarization with 
."X-rays, and under these conditions sharp and 
200 
intense absorptions were observed in the 
vicinity of g = 2.0. The nature of these results 
will be described in a later publication and it is 
necessary here to comment only on the fact that 
in the present work the absence of these T i 3 + 
resonances in the glasses containing titania may 
be taken as evidence for the existence of only 
non-magnetic T i 4 + ions in these glasses. Conse-
quently any possible influence of these ions on 
the observed spectrum due to cross relaxation 
phenomena can be ruled out. In further support 
of this conclusion, the temperature dependence 
of the spectra for glasses containing both gado-
linium and titanium ions was not typical of that 
to be expected for a resonance spectrum domina-
ted by cross relaxation [19]. 
The resonance spectra for three gadolinium 
concentrations (0.09, 0.2 and 1.0 at. %) were 
examined in preliminary measurements in order 
to determine the optimum conditions for the 
present investigation. The general form of the 
spectra in the range from H = 0 to 8 kOe is the 
same for all the compositions with relatively 
sharp resonances at g ~ 5.9 and 4.3 and a much 
broader high intensity resonance with its centre 
field corresponding to g ~ 2.0. This is shown for 
glass LAS 1058 (1.0 at. % Gd) in Fig. 2. There is 
also evidence of some further structure associ-
ated with this large peak in the vicinity of 
g = 2.0 but it has so far proved impossible to 
resolve this satisfactorily. The location of the 
T i 3 + resonance observed in titanium containing 
samples after X-ray irradiation is indicated in this 
figure. There is no evidence for this resonance in 
this material, before irradiation. 
The only variation evident from decreasing 
the gadolinium concentration is associated with 
the broad central resonance which decreases in 
intensity but there is no change in its half-width. 
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Figure 2 Differential or c.s.r. signal Tor glasses (a) 1058 (b) 1035 after X-ray irradiation 
There is no corresponding change in the higher 
value line intensities and again the half-widths 
are independent of composition, consequently 
we can assume that there are no appreciable 
interactions between the G d 3 + ions leading to 
exchange narrowing of the lines in the concentra-
tion studied. These features are typical of those 
found by earlier workers with gadolinium doped 
glasses and we have used a 1.0 at. % gadolinium 
concentration employed in the previous investiga-
tions of other workers and direct comparison of 
the various sets of results should therefore be 
more meaningful. 
The resonance spectrum of the 1 at. % G d s + 
sample (Fig. 2) is similar to that found by these 
earlier workers [10-12] using other types of glass 
matrix. 
It was found that after heat-treatment the 
intensities of the g2 and g3 resonances (see Fig. 2) 
decrease with respect to the gi resonance as the 
heat-treatment temperature is increased above 
about 600°C. This decrease, which is shown in 
Fig. 3, occurred for both the LAS 1036 (Gd and 
Ti doped) and LAS 1058 (Gd doping only) 
glasses. However, the detailed variation of the 
intensity ratio of the g2 and ga resonances 
( / 2 / / 3 ) depends upon the composition of the glass 
under investigation. For the LAS 1058 glasses, 
increasing the temperature of heat-treatment led 
to a sudden increase in I J / a above about 800°C. 
This temperature corresponds to the onset o f 
surface nucleated crystallization as described-
earlier. Fig. 4 shows the variation of this ratio-
with increasing heat-treatment temperature. 
Fig. 4 also shows the behaviour of the glasses 
containing both titanium and gadolinium fo r 
which the results are obviously different, the 
IJT3 ratio decreasing with increasing nucleation 
heat-treatment temperature. Comparison with 
the D T A and crystallization data of Fig. J 
suggests that these variations in the intensity 
ratio are associated with the onset of crystal-
lization, differences occurring due to the different 
methods of nucleation. 
3. Discuss ion 
The changes caused in the transition tempera-
tures by the addition of T i 0 2 and Gd 2 0 : 1 , either 
separately or together, to the glass melts are 
evident from the results given in Fig. 1. The 
normally wide range of the crystallization 
transition at Tc is appreciably narrowed by the 
addition of T i 0 2 in agreement with other 
workers, and corresponds to an increase in the 
crystallization efficiency caused by the action of 
the titanium ions as nucleating agents. As 
mentioned earlier the precise role played by these, 
ions is not yet understood. With gadolinium'. 
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Figure 3 Relative intensities of high f-value resonances in glasses (a) 1036 (b) 10S8 with heat-treatment. 
doping alone the results are similar to those for 
the base glass LAS 1022, however, it is remark-
able that in the LAS 1036 glasses the effects of 
the addition of 5 % Ti0. 2 have been almost 
completely negated by the simultaneous addition 
of 1 % G d 2 0 3 . The crystallization temperature is 
comparable to that.in glasses containing no T i 0 2 
and the range over which crystallization occurs is 
correspondingly larger. The nucleation tempera-
ture is little affected by the presence of the 
gadolinium ions however. 
There is clear evidence from the X-ray data of 
a double peak in the dependence of the amount 
of crystallization on heat-treatment temperature 
for glasses containing T i 0 2 subjected to the two 
stage heat-treatment. This is in agreement with 
other workers [ 1 8 ] , the initial peak corresponds 
to nucleated crystal growth; whilst the second 
peak is due to a rapid crystal growth in the 
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specimen in which the lower viscosity allows a 
much easier path for either bulk or surface 
crystallization. We will refer to these peaks as the 
nucleation and crystallization peaks respectively. 
Jt is remarkable, however, that with both 
gadolinium and titanium ions present the 
crystallization peak is greatly diminished com-
pared with the results for specimens containing 
only titanium. There seems to be no comparable 
effect on the nucleation peak, and it appears that 
while the T i 4 + ions can perform their role in 
bringing about nucleation in the presence of 
gadolinium, the presence of this latter ion inhibits 
the subsequent crystal growth about the nuclea-
tion centres. The action of the gadolinium in this 
respect is very efficient since only 1 % G d 2 0 3 
greatly reduces the erTects of 5 % TiO a . 
The mechanism of this desensitization is 
unclear, as the action of the T i 0 2 alone is not yet 
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Figure 4 A comparison of the ratio o f intensities o f resonances at g X 5.8 ( g j to g x 4.3 for G d in glass 
J058 and 1036 varying wi th heat-trealment for 1 h at the temperatures shown. 
understood. I f the titanium ions are taken up 
substitulionally into the growing crystal phase, as 
some workers believe, the action of gadolinium 
must be to prevent the titanium ions entering the 
lattice. This can occur either by changing their 
valence through an electron transfer process or 
alternatively by forming complexes including at 
least the T i 4 + < o r 3 + > and G d 3 + ions such that the 
affinity of the titanium ions for these complexes 
is greater than that for the growing crystal. 
Other workers take the view that the titanium 
ions reduce the lattice stability on a shell 
surrounding the growing crystals and so allow 
the glass-crystal transition to occur more easily 
by atomic diffusion. In this case the action of the 
gadolinium must be to increase the stability of 
the glass matrix either by adopting the role of a 
network former or again by forming Ti-Gd 
complexes which are capable of screening the 
effects of the T i 4 + ions from the glass structure. 
Such complexes would require an extremely 
efficient interaction between the two types of ion 
as they are in the ratio of 1 (Gd):5 (Ti). There is, 
however, considerable evidence from other 
studies that some interaction does occur. These 
include differences in the optical absorption 
spectrum of solarized LAS 1036 and LAS 1035 
glasses and changes in the thermoluminescence 
and luminescence behaviour caused by the 
addition of T i 0 2 to glasses containing G d 2 0 3 , 
only. The results of these measurements will be 
described elsewhere. 
Interpretation of the resonance spectra for the 
specimens which have not been subjected to a 
heat-treatment (see for example Fig. 2) represent 
a considerable problem in themselves. The 
existence of the g = 2 resonance is to be 
expected for the G d 3 + ion, which has an S 7 / 2 
ground state, and the very great width of the 
corresponding resonance can readily be attribu-
ted to the random orientation of the applied 
magnetic field with respect to the symmetry 
axes of the "crystal field" environment about the 
gadolinium ion. The low field resonances 
corresponding to g = 4.3 and 5.9 are less readily 
explained. 
In principle we can adopt the conventional 
spin-hamiltonian 
M's, = g hb H. S + J ^ C F (1) 
to describe the splitting of the ground state 
/-manifold for probe ions situated in the electro-
static field associated with the surrounding host 
ions. However the 3tCP term contains the well-
known (see for example [20]) factors a, j3 and y 
which are identically zero for a pure S-state ion. 
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Consequently any observed splitting must be 
derived from second order effects [21] using an 
effective crystal field hamiltonian of the form 
JTcf = S.D.S ( = I f l „ ' " C V ' ) (2) 
where D is a tensor arising from the second order 
effects of the fine structure interaction. D and g 
are then used as disposable parameters for fitting 
the observed data. 
While this approach may be used satisfactorily 
in single crystal systems its application to poly-
crystals is more difficult since the observed 
spectra then contain spatial averages over all 
possible crystallite orientations relative to the 
applied field. The situation is even worse in a 
glass matrix where it is not at all certain that the 
paramagnetic resonance probe sites are identical. 
At best one can probably assume similar 
co-ordinations for the probes but the interatomic 
spacing of the ions in the immediate vicinity of 
the probe will differ from ion to ion. Conse-
quently a second average must be made in 
attempting to reproduce the observed resonances 
and analysis in this way may be of little value 
unless a great deal of structural information is 
known about the glass matrix. 
If one persists in employing the spin-
hamiltonian approach to account for the main 
resonance of the glasses containing G d 3 + , the 
high g-value resonances may be considered as 
forbidden (|4A/s| > 1) transitions, which may 
not be fitted by Equation 1 and we must invoke 
the presence of strong crystal field effects to 
remove the limitation imposed by the selection 
rules. The low field transitions are then effectively 
those between the crystal field split doublets of 
the J = 7/2 state. Alternatively, however, we 
can use the method of analysis described by 
Koster and Statr [22, 23] since the matrix 
elements contained in the expression for the 
oscillator strengths suggest that a great many 
transitions may occur between the eight levels, 
including some at very low field values. The 
hamiltonian used in this treatment is formed by 
using basis wave functions of the correct 
symmetry and Koster and Statz have shown that 
the matrix elements of between two states r t 
and r } may be written. 
< r , | j r , | A > = /*nf , « [ / / x I / x l + tfyCV + # 2 £ V ] 
+ Wig,"WxUf + HyUy* + HZUS] (3) 
where the g"'s are fitting parameters and the U's 
are matrices which have been derived once and 
for all for many symmetries by Koster and Statz. 
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The zero field splittings are assumed to exist 
ab initio and the level separations are then also 
used as fitting parameters. Unlike the spin 
hamiltonian approach the g-values are not 
related by simple constants and there is, in 
consequence, considerably more flexibility in 
fitting observed resonances using this method. 
Unfortunately, random orientation of the 
distorted environments about the Gd 3 * ions 
again. make spectra interpretation extremely 
hazardous and until such time as a satisfactory 
means of analysis of e.s.r. spectra in glasses is 
developed it is probably more useful to attempt 
to employ the characteristics of the resonance 
spectra themselves (i.e. line width, resonance 
field and line intensity) as a means of obtaining 
information indicating possible correlations 
between the structural and electronic properties 
of glasses. 
The most sensitive features of the spectrum of 
Fig. 2 are the low field resonances and as we 
have seen the relative intensities of these lines 
vary with heat treatment, the detailed variation 
depending upon the composition. The line widths 
and resonance fields are essentially constant how-
ever. I f we take the increase in the f 2 / f 3 ratio with 
heat-treatment temperature observed for the 
LAS 1058 glasses as the normal behaviour then 
the sudden drop in this quantity in the titanium 
containing, LAS I036 glasses must be taken as a 
further indication of an interaction between the 
Gd 3 + and Ti '+ ions. 
The initial problem in the interpretation of the 
variation of the e.s.r. spectra is then one of 
establishing whether the observations are associ-
ated with a single type of gadolinium site or with 
two or more sites whose stability is associated 
with the degree and type of crystallization. 
I f the spectrum arises from a single atomic 
environment the low field resonances must arise 
from transitions between the strongly hybridized 
doublets of the J = 7/2 manifold. I t is then 
difficult to see why the presence of titanium ions 
during crystallization should affect one of the 
resonance lines more than another. The most 
likely mechanism for such an effect would be a 
cross relaxation process but as we have seen the 
possibility of this seems to be small. I t is possible, 
of course, that at G d 3 1 sites which have a T i 4 + 
ion in the nearest neighbour shell, the change in 
the crystal field symmetry is sufficient to change 
the eigenfunctions of the levels involved in the 
low field transitions and hence the transition 
probability between them. Changes of this type 
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however, would normally be accompanied by 
changes in the energies of the levels concerned 
and consequently in the resonance field values. 
As this is not observed we must assume that the 
changes are such as to leave the average reson-
ance position the same or alternatively that a two 
site model is to be preferred. 
In this latter case, it is convenient to consider 
the g = 5.4 and 4.3 resonances as being the low 
field transitions at the two sites in question: The 
structural evidence described earlier suggests 
that on crystallization with titanium present, the 
gadolinium and titanium ions may become 
jointly involved in complexes in the crystallizing 
glass. I f this is so, then the zero field splitting of 
the ground state may be modified by the presence 
of the quadrivalent titanium ions as described in 
the previous section. These changes will depend 
on the location of the T i 4 + ions with respect to 
the symmetry axis of the local electrostatic field 
at the G d 3 + site. 
Under these conditions the observed changes 
in the resonance line intensities would seem to 
suggest that (i) titanium is incorporated into one 
site in preference to another or (ii) that the 
crystal field is less sensitive to the presence of 
T i 4 + at one of the sites compared to the other or 
finally (iii) that the G d 3 + ions are ejected from 
one of the sites as crystallization develops. The 
complexes involved in these sites are almost 
certainly associated with non-bridging oxygen 
ions in the silicate matrix as considered by Barry 
et al [1-3]. 
At the present time it is not possible to differ-
entiate between the models as more information 
is needed about the environments of the two 
types of "impurity" ions introduced into the 
matrix. I t would seem to us, however, that the 
multiple-site case is perhaps to be preferred and 
the problem remaining is related to the establish-
ment of the detailed structure of the complexes 
themselves, their relation to the glass as a whole 
and their behaviour din ing crystallization. 
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Ko H . P . Te t t J iop* , F . B . I I I y j i & r H H , P . I I . X a n T * 
TepMoBHCBeqHBaHHe. cneKTpH 3IIP h o n T H q e c K o r o n o r j r o m e i i K f l 
peH'J?rGHH3OBaIIHHX CHJTHKaTHUX CTeKQJI. aKTHBHPOBaHHUX rajf.QJHHH6M 
B HacToamee BpeMH npof lBJ iHeTcj i (JoJiBmoft HHTepec k H3,yqeHiiio 
OlITHqeCKKX H SJteKTpOHHHX CBOMCTB peAK03eMeJIBHHX HOHOB B CTeKJiaX 
^ 1 , 2 j . HMeeTCfl paA p a d o T , nocBameiiHHX n c c j i e a o b b h h k ) jiioMHHecijeHUHH 
cjr j iHKaTHHX CT6K0JT, PaMaH—cncKTpoB h cneKTpoB o n T H q e c K o r o 
noratomeHHK [ ^ " ^ j , °AHaKo TepMOBHCBeqBBaHHe cHJiHKaTHKX CTeKOJi, 
aKTHBHpOBaHHHX p , 3 . 8 . , H3yqeHO -He^OCTaTOHHO HOJIHO. B .aaHHoJi 
p a t f o T e npeAocraBJ ieHH p e s y j c t T a T N H3MepeHHa x a p a K T e p u c T H K T e p n o -
B E C » e v i i B a H H a ( T B ) , 9IIP h o n T H q e c B o r o nor j ioa jeHHH peHTreHH30BaHHHX 
HaTpiieBHX CHJTHKaTHHX (HC) H JHTHeBHX aJTMMOCHJHKaTHHX (JIAC) CTeKOJi, 
aicTiiBiipoBaHHHX ra^oJiHHHeM h o t f c y x j a e T C f l poJiB THTaHa k s k ueHTpa 
0Ta<5HJiH3aAHH ^e$eKTOB b 8 t h x o c n o B a x . 
MeTQ^HKa h p e 3 . y j B T a T H a iccnepKMeHTa. Otf teKTaisH HccjEe^oBanHH 
<5hjch MHoroKounoHeHTHHe cTeKJta Twna: 
3j iec i» MnOm - o k h c j i h meJioqHiix h Jnej toqno3eMejiBHiix s j i c m c h t o b • KpuBHe 
TepMOBucBeqiiBaHHfi h cneKTpH o n T H ^ e c K o r o n o r j c o H e m i H M3yqaeMHX 
CTeKOJi noJiyqeHH c HcnoJi&30BaHHeM cneKTpocDoTOMeTpa Tuna O p t i k a 
UK b coqeTaHHH c o cneu ;na j i£HHM Kpi iocTaTOM. CicopocTB n a r p e a a 
npH TB cocTaBJiHj ia ~ 2 , 0 r p a V ' c e K . PeHTreHi i so sanHHe o<5pa3D[H 
((Jo-anoa, 2 0 k b , 5 q a c o B ) KueJiH ceposaTO-cnpeHeByio o K p a c K y . 
* AapawcKHii yEHBepcviTST, $H3i tqecKHii $ a K y j i i > T e T , r . A a p 3 M , A a r j i H H 
CneKTpH 3IIP Ha6jno,aaJiHci> c noMomtio c T a n A a p T H p r o 3cm cne icTpoMerpa 
c nacTOToi i M o j y j i a m i H MarHHTHoro noJif l 180 r n . . 
• CneKTp cBe^eHHii r a j o J i i i H i i H b Hccj ie^yeMMX c T e i c i a x c o c t o h t K3 
oaHof i n o j i o c u npH 313-315hm, np imeM HHTeHCKDiiocTB c B e q e a n f l 
b JIAC-CTeKJie <5i>ua b 5 - 7 pas Bume, hbm b HC-cre ic j i e , BCJieACTBHe 
M e H t m e r o noivaomeHiifl H3JiyqeHHH b JIAC-c-CHose. Jlxx creicoJi T i i n a JIAC 
h HC, noABeprHyTHX peHTreHH3an.HH, na6xv>Aa.erosi TB b otfJiacTH 
T e u n e p a T y p 6 O - 5 0 O ° C , p u d * OCmiS MaKCHMym TB p a c n o j r o & e H b 
TeMnepaTypHOM HHTepBaJie 2 5 0 - 3 5 0 ° C, o^Haico na KpMBoii TB mosho 
Bu^eJiHTi. HecKoJii iKo cjra<5o p a 3 p e H e i i H i i x MaiccHMyMc-B n p n 1 1 0 , 190 , 
260 , 3 5 0 , I4.05 u U50*C ( n o a a e j u i e e B e c L u a n p H 6 j u i s e H H o ) . 
&3LH cTeKOJi c TKTanoM (JIAC+0,5Ti 0 2 ) He <5hjio o6HapyaceHo TB 
c nouoHLio Hamevi a s n a p a T y p u . 
OKpamHBaHHe cTeKOJi npw p e H T r e H H 3 a m i n npHBcuMT k H3MeHeHHio 
h x cneKTpoB norj iomeHJif lo Ha p u c . 2a noKa3aEM c n e K T p u no r j roneHHH 
JIAC-CTeicna AO o(5jiyHGHMH (icpHBaji 1 ) , n o c j i e o<5jiyqeHHfl (KpHBaa 2 ) 
h pa3H0CTL s t m x K p u B n x norJiomeHHii ( 3 ) , KOTopaa xapaKTepH3yeTC5i 
AByMH MaKCHMyuaMH npH 2 , 1 - 2 , 2 8 B h 3 , 1 - 3 , 2 s b 0 Ha pHC.2(5 n p e j C T a B -
JX6EH anaJiorH^HHe .^aHHHe JS,ZH cTe iwia c T H T a n o u . B h j u i o , i i t o n o c j i e 
ofiJtyqeHHH b cneKTpe ndratomeHKH JIAC+0,5 TiO^ noflBJtaeTCH ampc-Kafl 
noJioca b otfJtacTH 1*39B. IIpw HarpeBaHHH CTeKJia HC h JIAG o6ecr-~ : 
UBe*iMBaioTCH, c reKJ ia c THTaHOM He o6ecn.BeHHBawTCH b i i j i o t b AO T e w -
n e p a T y p 5 0 0 ° C . 
C a r H a j i H 3I1P ahh &d b HC- m JIAC-CTeiuiax AO h n o c j i e otfotyMeHHH 
aHaarorHqHH TaicoBHM, Haojno.aaeMHH b j p y m x oci ic-Bax [ Y ] « Jk&* (rd^ 
b JIAC-CTeKJie o h h npe^cTaBJieHH Ha p n c 3 a , a a j i h J IAC+0,5Ti0 2 - na 
pjse.3<5. CHrHaa 3IIP c o c t o m t H3 linspoRoii n c a o c H c ^-qpaKTopoM, 
npuMepno paBHHM ^ByM m necKOJiLicHx j p y m x n o j i o c c ^ - 2 , 3 ; 2 , 6 ; 
i+,3 m 5 » 8 . B CTeKJiax c t h t b h o m B o s p a c T a e T HHTeHCHBHocri. noJioc 
- *> -
c 6ozee b h c o k h m 3Ha*ieHiieM ^ - $ a K T o p a . PeHTrenoBCKoe o t f j r y q e i n i e 
( p h c . 3 , KptiBue 2 , 3 , 5» 6 ) , npuBOAflmee k o<5pa30BanHw ^e$eicTOB 
b CTeicnflHHoil MaTpwi te , BH8HBaeT noflBJieHHe .aonoJ iHHTej iMioro 
A y 6 a e T H o r o CHmaJia 3 IIP c ^ - $ a K T o p o u paBHHM 2 ,01 a s h JIAC h 
^5 2 ,01 h (^*J\ ,93 AJIH JIAC+0,57tD 2 • nocKOJiBKy HHpoKan raaoJiHHHeBaH 
noJioca b cneKTpe 3IIP ( k p h b h g 2 h 5 ) 3aTpyAHJiJta pac inn$poBKy CHmaJioB 
9IIP, CBKsaHiiux c HaBe^eHKHMH npH o6jiyHeHHM Ae$eKTaMH, (Shjih 
Hcnojri>3 0BaHH peHTreHH3oBaHHHe o6pa3BiH cTeieoJi , He co^epsamne 
ra^oJTHHHii (Kp i iB t i e 3 h 6 Ka p H C s 3 ) . 
OCteyxjeHHe peayjBTeT'foB". Mex^y kphbhmk TepMOBHCBe^HB'aHiifl , 
cneKTpaMH 3IIP h cneKTpaMH o n T H q e c K o r o n o r j i o m e H H a b o f o y ^ e H H u x 
JIAC- h HC-cTeKJiax cya iecTByeT onpeje-aeHHaJi i c o p p e j t f l m i f l , odyc j ioBJreHHaf l 
e j H H o i i npHpcac-ii Ae$eKT0B, o<5pa3y io«Hxca b p e 3 y j i B T a T e oo\syqeHHH. 
TepMoBHCBeqKBaHHe. pemeHHfl B o n p o c a cB5i3aHH j i h i i h k h TB 
b HccJieAyeMHX CTeKJiax Eenocpe^cTBeHHo c Grot 6uzo H3yqeno TB 
Ann Pr, Tl> u b HC-cTeKJie , p a c d . H3 pwcyHica b h ^ h o , 
h t o nooioxeHHe nmcoB TB npa i iTH^ecKH ne s q b h c h t o t Tuna aKTHBHpyiomero 
p . 3 . K o u a . (Hhk TB npw U50°£ HaCjr io^affTca t o j i b k o AJLR r a j n o -
j i H H H f l , noBHAHMowy, BBH^y BHcoicofi HHTeHCHBHocTH cBeneHHH n o c a e R v i e v o ) • 
TaKHM 06pa30M, OJieKTpOHHHe JTOByBIKH, OTBeTCTBeHHHe 3a IIHKH TB B 
HCCXe.ayeMHX MHOrOKOMnOHeHTHHX CHJHKaTHHX OCHOBaX, CBHSaHH c 
Ae$eKTaMH b c toKiXhhhoA M a T p n a e , a Ln - h o h h cnyacaT s$$eKTHBHHMK 
•SI0MHH6CiteHTHHMH HH,flHKaT0paMH, II03B0JI5IK)HHMH odHapyXHTB H OKeHHTB 
roiydHHy 3 t h x jioByiueK. T j iydHHa o t h x jroBymeic oicasaJtacB paBHoil 0 , 7 7 ; 
0 , 9 3 ; 1 ,05 ; 1 » 2 5 ; 1 ,35 ; "\ ,kka& • (HcnoJ iB30Baj racB $ o p M y j i a 
y p d a x a ) . Cpe,5HJiH r j iy(5HHa EancSoJiee 3ano;iHeHHHX JtoBymeK, c o o T B e T -
CTByioBiHX ochobhhm HaH(5oJiee h h t g h c h b h u m nHKaM T B , p a s Ha 1,0 h 1 , 3 o b . 
Haran .flaiiHHe no TB KaMecTBeHHO c o r j i a c y i o T c a c p e 3 y j i B T a T a M H , n o J i y ^ e H -
humh paHee .apyrnMM aBTopaMH £5, 6 J , HanpHMep, b J ' -odJiytieHHHX 
HeaKTHBHpoBaHHux HaTpHeso -Ka j iBUHi i ( a h h k ) —cMJtHKaTHHx CTeKJiax Taicse 
HafiJUMAaJiocB TB b odJtacTH 2 0 0 - 3 0 0 ° C . 
OriHTH no TB ne no3BOJiflJ0T o^Ho3HaMno y c t q h o b m t i i t h h (ajieicTpoHHHtl 
h j i h AHpoMHHii) h npnpo.4y neHTpoB s axBaTa ojieKTpoHOB. Ohh M o r y T 
6 u t l cBA3aHH, icaK npcanoJiaraioT aBTop&r £ 5 , 5 J c TaKHMH .ne^eKTaMH 
b pemeTKe CTeic.ua, Kaic s t o m h H a T p u a , 3axBaTHBiuH6 a j r e i c T p o n , mjih c 
AHPO^HHMH HeHTpaMM Ha KOHUeBOM HeMOCTHKOBOM aToMe KHCJiopo^a THna 
~ £ i — 0® (J) h j i h -OQ — Me ( j j ) m p a H e e 6 h j i o n o K a 3 a n o , m t o 
CJia6HM 3BCH0M B CTpyKType CHJIHKaTHHX CTeKOJI HBJH5UOTC5I CB5I3aHHUe 
THApoKCHJiBiiHe r p y n n n [8]» OTxnr Ae$eKTOB, odyc j io3 j r eHHHx nonaMH 
r H A p o K C H j r a , n p o H c x o « 5 H T , k s k oica3aJioci>, b t o m x e TewnepaTypHOM 
HHTepBaJie, h t o h.:TBv.:(: 60*600-::.C)i:r:3T;p-.no3BOJiHeT npeAnojro;KHT&, HTO 
u e H T p i i 3axBaTa o j i eKTpoHOB, B03HHicaioiuHe b H C t h JIAC-CTeKJiax u p n 
p e H T r e H H 3 a n H H , $opMHpyMTca npeac^e B c e r o b ocaadj ieHHHX MecTax 
CTeKJIHHHOH MaTpHIJH B6\Z£H3H CBH3aHHHX rH^pOKCHJIBHHX r p y n n . B03MOSHO, 
a t o ueHTpn THna ~ ^ 4 ~ fOH) 
CneKTpa o n T H q e c K o r o norJoauenHg h 3 I IP . B c n e K T p a x onTHHecicoro 
no r j iomeHHa o o j y ^ e H H H X JIAC-cTeKOJr naojrioAaioTCfl noJiocH c MaKCHMyuaMH 
5 6 5 - 5 9 0 H M ( 2 , 1 t t 2 , 2 s b ) h 390-I+OOhm ( 3 , 1 - 3 , 2 9 b ) . B HC-CTeiuzax 
MaKCHMyiiu noJioc norjuomeHHH 0 K a 3 U B a » T c a c a b H H y t h m k b MHHHOBOJiHByio 
o f i J i a c T L . no aHaJiorHH c .aaHHHMH AXX . a p y r n x CHJIHKaTHHX o c h o b E ^ . ^ J 
moxho npeAno.aoa:HTB, h t o HadJtKuaeirae h o j i o c h norJiomeHHS o<3ycjtoBJieHH 
BTOMaMH HfiTpHH , 3aXBaTHBBIHMH SJieKTpOH. 06QCUBeHHBaHUe CTeiCOJI, 
npoi icxoAJiaiee npw H a r p e s a H H H , cbH3aHo c peKOM<5HHan.Heji GJieKTpoHOB, 
noKHAaromnx aTOMH H a T p n a , c ahpo^hhmh ueHTpaMH. 3HeprH5 i , TauAejisnQinaaciL 
b p e s y j i B T a T e peKoutfHHauHH MoxeT nepe^aBaTBCj i neHTpaM CBenenHH, 
b HameM c n y q a e HOHaii ^ n . PeKon6nHai^H5i QjieKTpoHOB MoxeT n p o n c x o A -
h t l TaKxe H e n o c p e a c t b e i i n o c qeHTpaMH CBeneHHa. Mex^y neHTpaMH 
OKpacKH h JioBymKaMH, o6ecne^nBaioinHUH T B , moxho y c T a n o B H T L 
icoppe.iHn.Hio, ecJiH nocjreAHHe paccuaTpp iBaTi . icaic j roBynKH a j i e i c T p o n n o r o 
T u n a . 3 t o H3oopaxeHo na pHCt l+ . I loJioca 30O-/4.OOHM b cneicTpe n o r j i o j u -
eHHfl cooTBeTCTByeT jioBymKaM c r j ryCHHoi i ^ i , 0 3 B , a noJioca 5 6 5 -
590hm - JioBynncaM c rJiy(3HHoi'i 1 , 5 5 3 B . CUnaico CTeneHB cooTBeTCTBHfl 
n p n ^a i iHHx MeTo^ax Hcc j t e^oBaHna y c T a n o B H T £ T p y ^ H o . 
CpaBHHBafl ^aiiHwe 3HP h onTH-necicoro nor J tomeHun , mojscho s a M e T i i T L , 
m t o n e i i T p n oicpacKH b o6 j ty n e h h u x H C - h J IAC-CTeic j i ax , c b h 3 & h l i c 
Ae$eiCTaMH, odecnemiBaroiuHMH noHBJieHHe 3IIP curHaJ ia c ^ * 2 , 0 1 . no 
aHaotorHH c pa f ioTot t ^ 5 j n p e A n o J i a r a e T C H , h t o e^-KOMnoneHTa c n r n a j i a 
c ( j « 2 , 0 1 cooTBeTCTByeT noJioce n o r j i o m e i i n f l 5 6 5 - 5 9 0 h m , a J3 —KounoneHTa 
S T o r o CHrHaJia - noJtoce 390-Aj.OOhm. T e n cauuM n p e ^ n o J i a r a e T C J i , h t o 
npHpo^a ^ e $ e K T O B , nposiBJZHKiuHXCfl npa T B , 3IIP h onTiraecKois norjcomeHHH 
HC H JIAC-CTeKOJI npKMHM HJTH KOCBeHHHM HyTeM CBH3aHa C ^iipOMHMMH 
iieHTpaiiiH Ea k o h i ( 6 b h x h 6 M o c t h k o b h x aTOMax KHCJiopoJia THna J h j i h i t . 
B j H f l H H e TlOs na T B , SUP h onTuqecKoe n o r j i o m e H H e . .HoCiaBJieHHe 
5% TiOg ic JIAC-CTeKJiy, Kaic <5hjio oTMeneHo Btune, BH3HBaeT yBej iH^eHHe 
HHTeHCHBHocTH c i i r H a j r a 3IIP c Q -(JaKTopoM 5 > 8 . IlocKOJtBKy pe3onaHC 
C ^ 5 » 8 MX O-Oi odHMHO CBH3HBaeTCfl C BLICOKO aCCHMMeTpJIHHHMH 
Hepery j r f lpHHMH no3Hn.HHMH GroL hohob b CTeKJie ^ 7 j » mosho CHHTaTB, 
HTO npHCyTCTBHe TL HOHOB CTa<5HJIH3HpyeT TaKHe COCTOflHHSI &d HOIIOB 
b n p o u e c c e KpHCTa.HJiH3an.HH. A H a j r o r n q i m M o(5pa30M npncyTCTBHe T i 0 2 
CTa6HJtH3HpyeT B03HHKaioiuHe n p n peHTreHH3artHH ^ e ^ e K T H , x a p a i c T e p n s -
ywimiecsi noJtocoi i nor j iomeHHH b ofiJtacTH 1-38B h 3IIP cnrHaJ ioM 
c c p 2 , 0 1 h ^ - 1 , 9 3 . 0 6 j t y i e H H H e CTeKJia c THTaHOM ne o 6 e c H B e n -
HBawTCH Bnj ioTB AO TeMnepaTyp 5 0 0 ° C . OTsa r Ae^eKTOB, cBH3aHiiHX 
c BBei ieHHei i T I O ^ , n p o n c x o A H T n p n 6ooiee b k c o k h x T e w n e p a T y p a x 
n o p n ^ K a 7 0 0 - 8 0 0 ° C ( s H e p r H H aKTHBaHHH ~ 2 s b ) BCJie^cTBHe n e r o T3 
b o o j t a c T H TeMnepaTyp 6 O ~ 5 0 o ° C ( a n e p r H H aKTiiBaHHH 0 , 6 5 - 1 , 4 s b ) 
He HadJuo,5aeTCfl. 
B sa.KjrioMeHHe cJ ie^yeT o t m s t h t b , h t o c n o c o t f H o c T B HC— h JIAC-CTeKo.i 
k CBeT03anacaHKio n p n p e H T r e H H s a n w H , xapaKTepn3yioiuaj iCH bhcokoA 
SHeprneS a r a B a m m ( 1 , 3 - 1 , ^ s b ) , MoxeT <5utb HcnoJiBsoBaHa npH 
pa3pa(5oTKe ^03HMeTpo3 w s n c o r o p e H T r e i i o B c i c o r o H3 JtyHGHHH. 
T e p u o B H C B e v u i B a u i i e , c n e i c r p u PHP h oriTinzccKoro norJomcirHS pei-rrrcii-
h3pBaM3-Hx ci-jJiiiKa'riiiix cr&^cor«nKTH?v;p03aiiHi:!X ra/.oju-nrjier.c. 
Pe^cpaT. 
B patfoTe npe^cTasjieHH p e 3 y j i & T a T H H3MepeiiHK x a p a K ' r o p i i c t h k b i i c o i c o -
T e M n e p a T y p n O E o TepMOBHCuewHBaEHfl (TB) (6O-50O°C) , 3FIP n o n T i - r e e c r c o r o 
norJiomeHHfl p s H T r eni-i3onainiL-ix HaTpnesHX cHJ iHBaTHHX h jtHTneBEX 
aJIIOMOCKJIHKaTHMX CTCKOJI, aKTEBHpOBaHJINX ra^OJIHHJieM. RllKii TB Ha6jHO.,;alOTCS 
npK T e w n e p a T y p a x 110 ,150 ,260 ,350 ,405 * i 5 0 . . B 8 O C . ^ o < 3 a B . s c H H e T i 0 2 
(5%) noJiHOCTBM yHH^To-r-aeT TB b o t o k TeisnepaTypi-ioM HETep3a . n e k 
C T a 6 H J i H 3 f i p y e ' r u e n - r p a oicpaCKH 3^e .KTreiiH30Bai-n-ij>TX c t S x b s x cTeicaax, 
Gurna-a 3HP odJiyMeHHtix cTciic-oa x a p a K'repK3yeTC£ AByux jkhkhms^. c 
g = 2,01 h 1 ,57 ( n o c j i e / t i i e e b c j i y ^ i a e o C 5 p a 3 r ? o B c THTaiiosi) o 06cy:::^aeTC£ 
n p a p o ^ a /•eq.eicTOB k KoppejiEHK we^y cneicTpaMH 3 U P , T e p M O B U C B e n H B a H i i e w 
is. c n e i c T u a M H o n T H M e c i c o r o n o r j i o m e n r i f l o 
nojimcsi k pHcyEKaM- 3 CT3TBs K . H . P . TeiiJiopa, E » 3 . B!yj iB.VHHa,P. n . X a i i T a , 
« T e p M 0 B i i C 3 e ' l K s a H H e j c n e i C T p n 3nP h oimiMecicoro norjosieHHH peHTres -
H30B&.HHHX CUJIJIKaTKHX CTCKOJE, aiCTHBKpOBaEHEX ra^OJEHHHeM»o 
P a d . Kpiisue tepmoJ3hc3emh 3 a h h h peHTreHH303aHUHX HC h JLAC - c tSko .* , 
co^epEainHx p . 3 , h o k h . 
P h c . 2 . C n e K T p n n o r a o m e n a j i c t S k o z . T u n a JIAC n JIAC + O^TiOgo 
P h c . 3 . C n e E T p H 3 n p „ a - J I A C - C T e i c . 1 0 , 6 " - JIAC + 0 , 5 T i © „ i 4 - , ? o 
0 < 5 j i y q e E i i H , 2 , 5 - n o c j i e o<5 ay H e n n a , 3 , 6 - n o c i e o6xy*iemin xia 
c r e x o j i 6 c3 r a ^ o J i H H K f l . 
P h c o 4 0 ypoBHH JtoKaaHaamiH a J i e K T p O H O B b J I A C - c T e i c j i e t f 
KoH»PoTeiiJiop,B,B. ! H y j i B r i i H , P . H . X a H T S i 
TepMC£HC3eHH3aH;-ie .cnesTpiz 3IIP k onr;x^ec;:oro ncTaomeHag pe;-iTrei-r-
H 3 0 S a i - : i T H X CII^Hi:aTHHX CTeilOJ.aKTHBKPOBaHHHX ra,?.OJ£:lEHeMo 
A H H O T a m i g 
B p a 6 o T e u p s A C T a a J i e r i H p e s y ^ s T a T H K 3 M e p c H s : s xapaKTcpiiCTi-ic b h c o k o -
T e M n e p a T y p H o r o BiicBeiiiaaKKfl: ( 6 O - 5 0 O ° C ) , 3IIP k oriTi-niecKoro 
norjiomeKiiF. peETreHii303aHHiix iiaTpnesnx ciiJiMicaTHux h .iHTneiiHX 
a.7iiOMoc::;i::::aTimx c t S k o j i , a k v & b u p o b a e h h x r a / ; o j i M K E e M « ] I U n : i a 5 i n p n p o ^ a 
KaBe^eHHux ^eCeicroa o t i y c ^ i a B . u i B a e T i c o p p e J i n i U ' i i o Me:?o.ay o n T H H e c i C K M i i 
h 3 n P - ^ a n H U i : i : ^ 0 ( 5 c y s : ^ a e T C E poJis TETana , icai; u e i r r p a ca , a(5 i ! . 'EH3amiH 
A e f t e i c T O B 3 o t i i x ocEOBax» 
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